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CHAPTER 1
General introduction
1.1 Ultrafast magnetization dynamics
Advances in pulsed laser systems allow us to excite and investigate faster and faster
phenomena. Nowadays we can study ultrafast phenomena, which take place at
timescales of a picosecond and less. One may wonder about the relevance of these
developments for the study of magnetization dynamics. A change in the direction of
magnetization requires transfer of angular momentum from the electron spin system
to the environment, e.g. the lattice. Since the spin-lattice relaxation times are of
the order of 100 ps or longer, this was thought to be a relatively slow process. How-
ever, in 1996, Beaurepaire et al. showed that after excitation by a 60 fs laser pulse
a thin magnetic film of Ni lost almost half its magnetic moment within a few hun-
dred femtoseconds [1]. This curious result opened up a new research area: ultrafast
magnetization dynamics.
The result of Beaurepaire et al. in Ni was soon joined by the observations of
subpicosecond demagnetization in Co [2] and CoPt3 [3]. In the years following this
breakthrough it turned out that femtosecond laser pulses could excite a multitude of
ultrafast magnetic phenomena. Among these are the ultrafast excitation of spin pre-
cession [4–7], ultrafast magnetic phase transitions [8–12], and ultrafast magnetization
reversal [13]. New was also the appearance of an ultrafast excitation mechanism that
does not rely on the absorption of the laser pulse energy: the inverse Faraday effect
[5]. Due to this effect, the laser pulse acts as an effective magnetic field pulse [14],
which affects the magnetization.
2 1 General introduction
Some of the results obtained in the last decade attracted considerable attention
from industry. In our society magnetism plays an important role for the storage of
large amounts of data. Also here the rule is that faster is better. The speed of laser-
induced switching of magnetization is several orders of magnitude higher than the
switching in any currently produced storage device [15]. It is also at least one order
of magnitude higher than some of the next generation storage devices considered by
manufacturers. On top of that, the high speed of laser-induced magnetic switching
opens perspectives for new applications. For example, one can think of ultrafast
all-optical switches for 3D display technology [16].
At the moment however, applications using (sub)picosecond magnetic switching
are far away from actual production. The development of real devices is strongly
hindered by a few fundamental problems. First of all, many of the ultrafast processes
involved are poorly understood. This makes it difficult to find a material that both
has the right properties for the application, such as reliability and low production
costs, and displays the ultrafast switching. Second, the optical techniques used are
very suitable for exciting relatively large areas of micrometer dimensions. Reducing
this to nanometer scale areas, as is often desired for magnetic data storage, is not
trivial because the diffraction limit prevents a smaller focus of the laser pulse. It is a
big question how the excitation of magnetization dynamics is affected if one manages
to get around this limit. These fundamental problems for the further development
of applications are challenges for the scientific community. Next to our curiosity,
this drives significant efforts towards understanding the ultrafast processes behind
magnetization dynamics and discovering how it behaves at the nanometer scale.
The difficulty of understanding ultrafast laser-induced magnetization dynamics
lies in the strongly out-of-equilibrium situation in which the ultrafast laser-induced
processes take place. In this situation, thermodynamic theories are not valid. A
viable way to approach this problem is to split the magnetic system into several sub-
systems that are internally in equilibrium. Such subsystems can be the electron spins,
the electron orbits, and the lattice excitations (phonons). The laser pulse often ex-
cites only one subsystem at first, for example the electron orbits. If this subsystem
then quickly thermalizes, one can assign temperatures to each of the subsystems and
describe their dynamics by incorporating couplings between these subsystems. Koop-
mans et al. had some success in gaining understanding of ultrafast demagnetization
using such an approach [17]. However, although their model can provide experimental
values for the coupling constants from a fitting procedure, it gives little insight into
the origin of the couplings. What determines the speed of the transfer of energy or
angular momentum remains a question.
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1.2 Scope of this Thesis
In this Thesis we focus on the investigation of ultrafast magnetization dynamics in
rare-earth (RE) orthoferrites. These materials are interesting for three reasons. First
of all, they display very fast spin dynamics. Being governed by the exchange inter-
action, their spin resonance frequencies are typically two orders of magnitude higher
than in ferromagnets [18]. Second, a large variety of magnetic phase transitions is
present [19]. Among these are several types of reorientation phase transitions and a
magnetic compensation point. Excitation with ultrashort laser pulses in the vicinity
of such a phase transition can lead to ultrafast switching of the magnetization direc-
tion. Finally, the RE orthoferrites possess a strong optomagnetic coupling [20], which
allows for excitation of magnetization dynamics via the inverse Faraday effect. With
our study we aim to increase our understanding of the ultrafast mechanisms behind
laser-induced switching in RE orthoferrites, explore ultrafast magnetization dynam-
ics in several RE orthoferrites with properties that are more suitable for applications,
and investigate the possibilities to control the ultrafast switching process such that
magnetic domains can be written. Also we touch on the subject of spatial dependence
of laser-induced magnetization dynamics in RE orthoferrites.
This Thesis is roughly divided into two halves. After this brief introduction of ul-
trafast magnetization dynamics, the first half continues with an introduction of those
properties of RE orthoferrites relevant to our work and the experimental techniques
we will employ. The results of our investigations are discussed in the second half of
this Thesis. The organization into chapters follows below.
Ch. 2 is an introduction to the RE orthoferrites. These are the materials of
choice for our investigation of laser-induced ultrafast phase transitions. After a brief
description of the history of the study of RE orthoferrites, we discuss their optical
and their magnetic properties. Finally, we show how the magnetic phase transitions
can be described phenomenologically with Landau theory and how their origin can
be understood from microscopic considerations.
Ch. 3 deals with experimental methods to probe and excite magnetization dy-
namics with laser light. Laser light is ideally suited for the investigation of ultrafast
magnetization dynamics, since it is available in the form of ultrashort pulses. The
use of these pulses in a pump-probe method allows for measurements at very high
time-resolution. At the end of the Chapter we discuss how the most recent develop-
ment in this area, pump-probe imaging, can be used to study the spatial dependence
of magnetization dynamics in RE orthoferrites.
In Ch. 4 we present our results of laser-induced spin dynamics in ErFeO3. This
material possesses both a magnetization compensation point and a spin reorientation
transition. In their vicinities a laser pulse can effectively bring the spin system out
of equilibrium by heating, leading to a change in the magnetization direction. We
find an unexpectedly low speed of the laser-induced spin reorientation in ErFeO3. We
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show that this speed depends on the laser pulse fluence, hereby elucidating a part of
the microscopic mechanism behind the ultrafast laser-induced spin reorientation.
Tailoring the optical and magnetic properties of the RE orthoferrites by carefully
choosing a mix of rare-earth ions has a long history. In Ch. 5 we study how this can
be used to excite magnetization dynamics near room temperature and to improve its
detection. Both are very useful for potential applications.
Consequently, in Ch. 6, we use the RE orthoferrites with the highest magneti-
zation dynamics signals for an investigation of controlled ultrafast switching of the
magnetization in RE orthoferrites. In a pump-probe imaging experiment we show
that in these materials a single laser pulse can write a magnetic domain with a direc-
tion of the magnetization determined by the helicity of this pulse. We explain this
result with a model that includes both heating and the inverse Faraday effect.
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CHAPTER 2
Rare-earth orthoferrites
This Chapter is an introduction to the history and properties of the rare-
earth orthoferrites. We discuss their structure, growth, optical properties
and magnetic properties. Special emphasis lies on the spin reorientation
transitions, which will be the focus of the subsequent dynamics studies.
8 2 Rare-earth orthoferrites
2.1 Introduction
The rare-earth (RE) orthoferrites form a class of magnetic, insulating materials of
which the crystallographic pseudo-unit cell is made up of one RE ion, one Fe ion and
three O ions (REFeO3). They are not generally encountered in nature. However, the
material can be produced in the laboratory by a variety of methods and this occa-
sionally happened in the first half of the twentieth century as part of a more general
investigation of crystal structures [1]. That these materials had remarkable magnetic
properties was not realized until 1950, when Forestier and Guiot-Guillain published
the first in a series of articles about the magnetic properties of the RE orthoferrites
[2]. The weak ferromagnetic moment, present despite the antiferromagnetic coupling
between the magnetic ions [3], and the presence of many magnetic phase transitions
[4] sparked the interest of the scientific community and inspires new investigations
even to this day. Some of the discoveries in RE orthoferrites, such as magnetic bubble
domains, were of great technological importance. However, direct application of these
materials in technology has always been very limited.
2.2 Structure and growth
At room temperature the RE orthoferrites form a crystalline solid. Like many mate-
rials of the form ABFeO3, their crystal structure is similar to the Perovskite structure
shown in Fig. 2.1a. However, depending on the size difference between the A ion and
the B ion, a smaller or larger distortion of this structure can occur [6]. In Fig. 2.1b
this is shown for the case of GdFeO3, the data being based on the measurements by
Geller [7]. The distortion is larger in RE orthoferrites containing smaller RE ions,
which are found towards the end of the lanthanide series. The distortion strongly
influences some of the optical properties, such as the birefringence [8].
The macroscopic form of the material depends strongly on how it was produced.
At first, the only generally known method to produce RE orthoferrites was by heating
a properly proportioned mix of the oxides of the two cations (Fe2O3 and RE2O3) to a
very high temperature (≈1300 K [2]). This ’chemical’ method yielded the material in
powder form. With the powders many investigations of the crystallographic structure
and of the magnetic properties were undertaken. However, the results were sometimes
ambiguous. In 1956 Remeika published an article in which he describes how to grow
single crystals by using PbO as a solvent [9]. This so-called ’flux’ method relies on
absorption of the two cation oxides in the right proportion in a 1300 K PbO bath. If
the temperature is then slowly reduced, crystals grow in the flux, which can easily be
etched away afterwards. Despite the presence of some impurities (Pb and material
from the crucible, e.g. Pt), the single crystals are generally of good quality and it
is sometimes still the preferred method to produce some mixed orthoferrites [10].
However, nowadays there is also another method available to grow orthoferrite single
2.2 Structure and growth 9
(a)
(b)
(c)
Figure 2.1: (a) The cubic crystallographic unit cell of an ideal perovskite. At the corners
are the Fe3+ ions and in the middle is the RE3+ ion. The O2– ions are positioned between
every pair of Fe3+ ions. (b) Distortion of the ideal perovskite structure due to Fe3+ and
RE3+ ion size mismatch. The arrows show in which direction the ions move. (c) The
orthoferrite unit cell. This picture was inspired by a similar drawing in the article by Geller
[5].
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Figure 2.2: Low resolution absorption spectrum of ErFeO3. The broad transition bands
with the black labels are from electronic excitations of Fe3+ 3d electrons. The wobbly
places on the curve, indicated by red arrows, mark the positions of groups of narrow
absorption lines. These are due 4f -4f electric transitions in the RE3+ ions. The inset is
adapted from [12]. It shows a part of the RE3+ spectrum in high resolution. Although the
units are different, the horizontal scale in the inset is approximately equal to the width of
the small rectangle.
crystals, that avoids the inclusion of these impurities: the floating zone method [11].
Here a strong lamp is used to locally heat the surface of a seed crystal together
with some raw materials. As the raw material is deposited on the seed, the latter is
slowly pulled away from the focus of the light of the lamp, such that the temperature
decreases and the material solidifies. At the same time it acts again as a seed to the
new raw material, which get deposited on top. In this way very pure crystals can be
grown of up to 80 mm length and 20 mm diameter. Most of the samples we used in
our investigations were cut from crystals grown by this method.
2.3 Optical properties
The RE orthoferrites are relatively transparent in the optical and near-infrared part of
the spectrum. In this range, the absorption in the Fe3+ ions dominates the spectrum.
As a result, the optical properties vary little among the series. In Fig. 2.2 the
absorption spectrum of ErFeO3 is shown. Very clear are the two broad absorption
bands, belonging to d -d transitions in the Fe3+ ions from the 6A1g to the
4T2g and
4T1g levels. They are relatively weak, because they are forbidden by the spin and
parity selection rules [13]. The region of the spectrum above 2.2 eV is dominated by
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the charge transfer transitions, which are not all forbidden. Hence they are quite
strong. The strong magneto-optical effects in the orthoferrites are due to some of
these transitions [14].
Absorption in the RE3+ ions is usually visible as groups of narrow lines on top of
the Fe3+ bands in the absorption spectrum. These multiplets represent transitions
to states with different total angular momentum J and they are easily a few hundred
meV apart. The splittings within the multiplets are due to the crystal field and, to a
lesser degree, to magnetic interactions and are typically several meV. The positions
of the absorption lines depend on the type of RE3+ ion. Although not completely
resolved in the absorption spectrum of ErFeO3, one can see in Fig. 2.2 several places
where the signal becomes very irregular. Photons with these energies, 1.26, 1.56 and
1.88 eV, can excite transitions of the 4f electrons from the ground state in the 4I 15
2
multiplet to an excited state in the 4I 11
2
, 4I 9
2
and 4F 9
2
multiplets, respectively [12].
The difference between the line widths of the transitions in the Fe3+ ions and the
RE3+ ions is remarkable. The electron-phonon coupling with the lattice, which is often
the main source of line broadening in these crystals, is relatively weak for the RE 4f
electrons due to shielding by 5s and 5p electrons [15]. Interestingly, there is a strong
variation of the electron-phonon coupling along the lanthanide series. According to
Ellens et al., there are two main influences on the coupling strength [16]. The first is
lanthanide contraction, which decreases the overlap of 4f orbitals with ligand orbitals
and thus leads to weaker electron phonon coupling for the heavier lanthanides. The
second is decreasing shielding as the 4f orbitals become more filled. Together these
influences lead to an approximately symmetric shape of the electron-phonon coupling
along the lanthanide series, with the weakest coupling in the middle. Ellens et al.
have experimentally obtained values for the electron-phonon coupling through the
measurement of the temperature-dependent linewidths of several 4f -4f transitions in
lathanides embedded as dopands in LiYF4. Their data is plotted in Fig. 2.3 and
confirms the symmetric shape.
2.4 Magnetic interactions
As mentioned in the introduction, the RE orthoferrites possess very unusual magnetic
properties. This is a consequence of the presence of two types of magnetic ions in the
material and the multitude of magnetic interactions that follows from that. By far the
strongest interaction is the isotropic superexchange interaction between neighboring
Fe3+ ions. It tends to align the Fe3+ magnetic moments into an antiferromagnetic
configuration. However, due to spin-orbit coupling, there exists also a weaker, anti-
symmetric superexchange interaction: the Dzyaloshinsky-Moriya interaction [17, 18].
This interaction favors orthogonal alignment of the spins and it manifests itself as
a small canting (∼0.5◦) of the sublattices towards each other [19]. The result is
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Figure 2.3: Electron-phonon coupling parameter α¯ in lanthanides. The data is from Ellens
et al., who obtained it by measuring the temperature-dependent linewidths of electronic
4f -4f transitions in LiYF4:RE. For each lanthanide α¯ of several electronic transitions is
plotted. Note the symmetrical shape of the curve, high in the beginning and at the end
and low in the middle.
the formation of four Fe3+ sublattices that have magnetizations pointing in different
directions. This allows for the possibility of weak ferromagnetism in these materials.
Due to symmetry considerations and the antiferromagnetic nature of the coupling
between the ions only three magnetic configurations are allowed for the Fe3+ sub-
lattices: the Γ1, Γ2 and Γ4 configurations [20]. In the Γ1 configuration (Fig. 2.4a)
there is no net magnetization m and the antiferromagnetic vector l points along the
b axis. The Γ2 configuration (Fig. 2.4b) is characterized by m and l pointing along
the a axis and c axis, respectively. If this configuration is turned, such that m points
along the c axis and l along the a axis, one obtains the Γ4 configuration. Just below
the Ne´el temperature, the sublattices in all RE orthoferrites adopt the Γ4 configura-
tion. However, at low temperatures many orthoferrites are found in the Γ1 or the Γ2
configuration.
The superexchange interactions involving the RE3+ ions are much weaker. How-
ever, they often become noticeable at temperatures below 140 K and as a result in-
teresting differences between the different RE orthoferrites arise there. The strongest
influence on RE magnetization, if present, is due to the superexchange interaction
with their Fe3+ neighbors. The resulting alignment of the RE3+ spins has a param-
agnetic character [3]. The net RE magnetization can point either in the same direction
as the iron magnetization or opposite, depending on the type of RE and the tempera-
ture. At very low temperatures, below 10 K, ordering of the RE sublattices has been
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(a)
(b)
(c)
Figure 2.4: The possible magnetic configurations of the Fe3+ ions in the rare-earth
orthoferrites: (a) Γ1, (b) Γ2, and (c) Γ4. The arrows indicate the directions of the
magnetic moments of the Fe3+ ions at the different sites of the unit cell. The pictures
are inspired by a figure in an article by G. F. Hermann [21].
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Figure 2.5: The dipole-dipole interaction illustrated with two bar magnets. When a bar
magnet is brought close to a second, fixed magnet and the two are aligned parallel, it will
tend to rotate towards an antiparallel alignment.
reported in some orthoferrites [22]. It is a result of the superexchange interaction
between the neighboring RE ions. The ordering of the RE-ions can have far-reaching
consequences for the magnetic structure of the material, such as the appearance of
multiferroicity [23] and a doubling of the magnetic unit cell [24].
Another interaction that plays an important role in RE orthoferrites is the mag-
netic dipole-dipole interaction. The magnetic dipole moment at each atomic site
feels the magnetic fields generated by other magnetic dipoles. The dipolar energy
for two dipoles is minimized if the two align antiparallel, as one intuitively knows
from the forces between two bar magnets (Fig. 2.5). At short length scales, the
dipole-dipole interaction is much weaker than the exchange interaction. Therefore,
it has little influence on two magnetic dipoles at neighboring atomic sites. However,
at macroscopic length scales in ferro- and ferrimagnetic materials the dipole-dipole
interaction dominates. This leads to the formation of magnetic domains and domain
walls. The domains in RE orthoferrites are of the ’stripe’-type. Often these stripes
meander through the sample, as can be seen in the magneto-optical image in Fig. 2.6.
However, long parallel domains can also form [25]. By applying a magnetic field to the
sample, cylindrical domains become an energetically stable form. These famous ’bub-
ble’ domains were first observed in RE orthoferrites and reported by Bobeck in 1967
[26]. Because of the small saturation magnetization and the large anisotropy energy
of rare-earth orthoferrites these domains are large, up to several hundred micrometer
in diameter [27]. This, however, can change by an order of magnitude in the vicinity
of the reorientation phase transitions. ’Bubble’ technology has been commercially
applied in non-volatile magnetic memory devices.
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Figure 2.6: Microscope image of a stripe domain pattern in a sample of
(Sm0.55Tb0.45)FeO3, put between crossed polarizers. The domains walls are bright be-
cause they scatter the light. In this case the stripe domains are not straight, as is also
sometimes encountered [25], but meander through the sample. The image shows an area
of approximately 350 × 400 µm2.
2.5 Magnetic phase transitions
The RE orthoferrites show a rich collection of magnetic phase transitions, triggered by
changes in temperature or magnetic field. In all cases one specific magnetic interaction
plays a crucial role. We can divide the phase transitions into three categories. In the
first place all RE orthoferrites possess a paramagnetic to weak ferromagnetic phase
transition that marks the onset of magnetic order in the system at the Ne´el tempera-
ture. This temperature is mainly determined by the Fe3+-Fe3+ exchange interactions
and thus more or less the same in all RE orthoferrites (around 700 K). Secondly, most
RE orthoferrites show spin reorientation phase transitions, which mark the change
from one magnetic configuration, e.g. Γ4, to another. These phase transitions, which
can be first as well as second order, are driven by the Fe3+-RE3+ interactions [28]
and they are therefore found in broad temperature range. A more detailed discussion
of these phase transitions follows later. Thirdly, in some orthoferrites the RE3+ ions
order at very low temperatures (<10 K). Apart from the formation of RE sublattices,
the RE ordering can also be accompanied by a change in the magnetic configuration
of the Fe3+ sublattices and a doubling of the magnetic unit cell [24, 29].
Several types of transitions between magnetic configurations have been observed
in RE orthoferrites. Most common is the spin reorientation transition (SRT) between
the Γ2 and Γ4 configurations via the lower symmetry intermediate phase Γ24. It can be
triggered by variation of temperature in the orthoferrites with RE elements Nb, Sm,
Tb, Er, Tm, and Yb [30]. In the intermediate phase the spins rotate gradually from
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their directions in old configuration to their directions in the new configuration. The
Γ2-Γ24 and Γ4-Γ24 boundaries each mark second order phase transitions. Orthoferrites
that contain Dy can prefer the Γ1 configuration at low temperatures. At the Morin
temperature TM = 36 K in DyFeO3 an abrupt transition takes place between the Γ1
and Γ4 configurations [31–33]. This is a phase transition of first order. In the same
material it is also possible to trigger a transition between Γ1 and Γ2 via Γ12 (two
second order phase transitions) by the application of a magnetic field along the a axis
at low temperatures [34]. A more complicated SRT is also possible in a narrow field
and temperature range. This transition goes between Γ2 and Γ4 via both Γ12 and Γ24
[35, 36]. In this case the phase transition between the Γ12 and Γ24 configurations is
of first order. HoFeO3 shows this transition also in the absence an applied magnetic
field [37].
The SRTs discussed above can be described phenomenologically by Landau theory
[38]. Horner and Varma pioneered this approach in 1968 for the Γ2 to Γ4 SRT [39].
In Landau theory, the free energy of the spin system can be expanded in the order
parameter, which in this case is the angle θ between the easy axis of magnetization
and the a axis:
F (θ) = F0 +K2 sin
2 θ +K4 sin
4 θ. (2.1)
Here F0 is the isotropic free energy, K2 is the second order anisotropy constant, and
K4 is the fourth order anisotropy constant. Provided that the free energy function
F (θ) is analytic, one finds the following global minimum:
θ =

0 if K2 ≤ −2K4
arcsin
√
−K2
2K4
if − 2K4 ≤ K2 ≤ 0
pi
2 if K2 ≥ 0
(2.2)
As the equations display, the actual angle for which the free energy is minimal depends
on the values of the anisotropy constants. Szymczak and Balbashov measured K2
and K4 in TmFeO3 in a large temperature range including the SRT [40]. Their
result is shown in Fig. 2.7. One can see that K2 increases strongly with increasing
temperature, while K4 stays relatively constant. Horner and Varma have shown that
under these conditions one can describe two types of SRT. If K4 is positive, as is
the case of TmFeO3, the spin system undergoes two second order phase transitions.
At T1 the spin system starts to rotate continuously with increasing temperature and
at T2 it reaches its final value, at an angle of 90
◦ with the earlier direction. If K4
is negative, there is one phase transition of first order in which the spins abruptly
change direction. Remarkably, this simple approach describes both the abrupt and
continuous SRTs encountered in orthoferrites very well. The more complicated SRTs,
which include first as well as second order phase transitions, can be described with a
similar strategy [35].
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Figure 2.7: The temperature dependence of the anisotropy constants K2 and K4 in
TmFeO3 in the vicinity of the spin reorientation transition (80-94 K), as determined by
Szymczak and Balbashov from measurements of the domain wall energy as a function of
temperature. This Figure is adapted from their article [40].
The phenomenological Landau approach showed that the presence of a strong
enough temperature dependence of the second order anisotropy constant and the
right sign for the fourth order anisotropy constant are sufficient to describe the simpler
SRTs. Further understanding can now be gained by looking at the microscopic mech-
anisms that determine these anisotropy constants. In general, magnetic anisotropy
can arise from three sources: the Fe3+ single ion anisotropy, the RE3+ single ion
anisotropy and the antisymmetric exchange interaction. Yamaguchi has shown that
for most RE orthoferrites, the Fe3+ single ion anisotropy and the Fe3+-RE3+ anti-
symmetric superexchange interaction play the largest role in the SRT [28]. The first
is mostly constant and fixes the magnetic configuration to Γ4 at high temperatures.
The second shifts the crystal field split energy levels of the RE ions up and down by
different amounts for the different configurations. This mechanism favors the mag-
netic configuration in which the RE3+ ground state has the lowest energy. Generally,
this is the Γ2 configuration. However, the energy differences between the crystal field
split levels are such that at higher temperatures a large part of the electron popula-
tion is in excited states. In that case the Fe3+ single ion anisotropy determines the
easy axis. As the temperature is lowered, in some RE orthoferrites the other mech-
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anism becomes dominant and the spin configuration changes. Clearly the electronic
properties of the RE3+ ions plays a very important role in the SRT. The fact that
these properties differ strongly depending on the RE, explains the rich variation of
magnetic phase transitions among them.
2.6 Rare-earth orthoferrites studied in this thesis
2.6.1 ErFeO3
ErFeO3 is one of the RE orthoferrites that has been studied extensively in the last
decades. The material has several special properties. First of all, it stands out among
the orthoferrites for having both an SRT and a magnetization compensation point.
The SRT in ErFeO3 was first reported by Bozorth et al. in 1958 [31]. It is of the
Γ2 to Γ24 to Γ4 type and the temperatures of the second order phase transitions,
as determined from neutron scattering [41] and sound velocity [42] experiments, are
approximately T1 ≈ 87 K and T2 ≈ 97 K. The magnetic compensation point, where
the net magnetizations from the Fe3+ ions and the RE3+ ions cancel each other, is
found near Tcomp ≈ 45K [12]. Second, the 4f -4f transitions in the RE3+ ions are
reported to be particularly narrow [20]. This and the position of the element Er in the
lanthanide series (see Fig. 2.3), is indicative of a very weak electron-phonon coupling
between the lattice and the Er3+ 4f electrons.
2.6.2 (Nd0.8Pr0.2)FeO3
(Nd0.8Pr0.2)FeO3 is a mixed orthoferrite invented by R. B. Clover of RCA Corporation
[43]. The proportions of Nd3+ and Pr3+ ions are chosen such that the material has
negligible birefringence in the ab plane. According to Clover et al. the difference
between na and nb is approximately 0.0007 for light with a wavelength λ = 633 nm
[43, 44]. Therefore in (Nd0.8Pr0.2)FeO3 platelets, the effective Faraday rotation for
light propagating along the c axis is much larger than in platelets of other orthoferrites
[45]. Apart from these facts, not much is known about this material.
2.6.3 (Sm0.5Pr0.5)FeO3
Orthoferrites with a mixture of Sm3+ and Pr3+ ions can also have a low birefringence
in the ab plane [8, 43, 44]. A measurement shows that in (Sm0.5Pr0.5)FeO3 nb−na =
0.006 for light with λ = 633 nm [43]. To our knowledge, this material has also not
been further explored.
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2.6.4 (Sm0.55Tb0.45)FeO3
(Sm0.55Tb0.45)FeO3 was created especially for bubble memory applications. To create
a high density storage device, the bubble domains need to be small at room tempera-
ture. These domains are smaller near an SRT, where the magnetic anisotropy is low
[46]. Due to the mixture of mixture of Sm3+ and Tb3+ ions the Γ2 to Γ4 SRT in
(Sm0.55Tb0.45)FeO3 should be positioned just below room temperature [47]. Indeed,
T1 and T2 were found to be approximately 230 K and 282 K, respectively [27].
2.7 Conclusion
The rare-earth orthoferrites possess several optical and magnetic properties that make
them very promising candidates for the study of ultrafast magnetization dynamics.
First of all, the coupling between the Fe3+ ions is mainly antiferromagnetic and there-
fore the magnetic resonance frequencies are very high. Second, a strong optomagnetic
coupling is present. This allows for both excitation (via the inverse Faraday effect)
and detection of ultrafast magnetization dynamics with femtosecond laser pulses (see
Ch. 3). Finally, these materials show a rich variety of magnetic phase transitions,
including some in which the magnetic moment reorients by 90◦. These phase transi-
tions can be triggered by the application of a magnetic field or by heating. The latter
can be easily achieved in a few hundred femtoseconds by exciting the material with a
femtosecond laser pulse, thus exciting ultrafast magnetization dynamics.
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CHAPTER 3
Experimental techniques
The goal of this Chapter is to introduce the experimental techniques
used in our investigation of magnetization dynamics in rare-earth ortho-
ferrites. First we discuss both the physics and practical experimental
setups for optical detection of the direction of magnetization and laser-
induced excitation of magnetization dynamics. Then we introduce the
pump-probe techniques for measuring ultrafast dynamics. Special em-
phasis will be put on femtosecond single-shot pump-probe imaging, since,
to our knowledge, this technique has not been applied to orthoferrites
before.
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3.1 Probing magnetization with light
3.1.1 The Faraday rotation
The study of ultrafast dynamics requires very short measurement events. With the
development of modern laser systems these became available in the form of fem-
tosecond laser pulses. For the study of magnetization dynamics in rare-earth (RE)
orthoferrites, laser pulses in the visible or near-infrared are most suitable, since in
that spectral range the materials possess a strong optomagnetic coupling (see Ch. 2).
Also, the low absorption at these wavelengths makes it possible to measure samples
in transmission.
One of the magneto-optical effects that is present in the transmission geometry is
the Faraday effect. This effect was discovered by Michael Faraday in paramagnetic
materials [1] and there it can be formulated as:
αF = V Hd. (3.1)
Eq. 3.1 describes the rotation αF of the polarization of light transmitted through a
material with thickness d when a magnetic field H is applied in the direction of light
propagation. V is the Verdet constant and it depends on the material, the wave-
length of the light and the temperature. This simple description can be generalized
in two ways. First of all, already since 1887 it is known that in certain ferromagnets
the Faraday rotation is proportional to the magnetization [2]. In general, there ex-
ist ferromagnetic, antiferromagnetic and paramagnetic contributions to the Faraday
rotation [3]. Second, in crystallographic materials with lower symmetry, the Faraday
rotation may arise also from components of the ferromagnetic vector m, antiferro-
magnetic vector l, or applied field H that are perpendicular to the light propagation
direction kˆ. In this case, the simple Verdet constant in Eq. 3.1 needs to be replaced
by tensors. The tensor components Aij (Bij , Cij) are the constants of proportionality
for the Faraday rotation in the case that kˆ is parallel to the crystal axis i and m (l,
H) is parallel to crystal axis j. The Faraday rotation is then:
αF = kˆ · (A ·m+B · l+ C ·H) . (3.2)
When expanded Eq. 3.2 contains 27 terms. The Faraday rotation can only be a
useful probe of magnetization dynamics in a material if it is clear how the separate
the different contributions to the Faraday rotation.
The RE orthoferrites possess a very strong Faraday effect. Since the effect almost
completely originates from the Fe3+ ions (see Ch. 2), it should be similar in all
members of the family. From symmetry considerations it can be determined that the
tensors A, B, and C have the following form [3]:
A =
Axx 0 00 Ayy 0
0 0 Azz
 , B =
 0 0 Bxz0 0 0
Bzx 0 0
 , C =
Cxx 0 00 Cyy 0
0 0 Czz
 . (3.3)
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In this equation Bxz = −Bzx. Zenkov et al. measured the relative strength of the
components of these tensors in YFeO3 [4]. They showed, first of all, that the antiferro-
magnetic contribution is several times stronger than the ferromagnetic contribution.
Second, the Faraday effect is anisotropic, being approximately twice as strong along
the z axis than along the x axis. Finally, the last term, which depends on the ap-
plication of a magnetic field, is negligible in these materials for magnetic fields less
than 1 T. A close look at the tensors in Eq. 3.3 reveals that in all possible magnetic
configurations in the RE orthoferrites both the ferromagnetic and the antiferromag-
netic contributions are maximized if the magnetization is parallel to light propagation
direction kˆ. Therefore, in these materials the Faraday rotation is a good probe of the
direction of magnetization.
3.1.2 Faraday rotation in anisotropic media
Due to the Faraday effect, light propagating in a magnetically-ordered medium does
not only polarize this medium in the direction of the light polarization, but also, with
a different phase, in the orthogonal direction. This can be written as off-diagonal
terms in the dielectric tensor  and for light propagating in the z direction it thus
becomes:
 =
 xx iγ 0−iγ yy 0
0 0 zz
 . (3.4)
If xx = yy, which is the case in isotropic media, the normal modes of the system
are readily found to be the left- and right-handed circularly polarized waves. The
effect on linearly polarized light waves is the Faraday rotation: a constant rotation
with propagation. In anisotropic media, such as the RE orthoferrites, xx and yy
are different. In the absence of the Faraday effect, the two normal modes would be
the waves with linear polarizations along the crystal axes. A wave with a linear po-
larization in another direction would alternate between being linearly and elliptically
polarized. With the Faraday effect the normal modes are elliptically polarized waves.
Tabor and Chen have calculated how the polarization behaves of a wave that is ini-
tially polarized along one of the crystal axes [5]. It will be a combination of rotation
and oscillation around the crystal axis, as shown in Fig. 3.1. In the case of the RE
orthoferrites, where the Faraday effect is much weaker than the linear birefringence,
a polarization initially along a crystal axis will rotate a maximum amount αmax:
αmax ≈ ± γ
∆
. (3.5)
Here ∆ is the difference between the two diagonal components of the dielectric ten-
sor. Note that, due to the oscillating behavior of the polarization, the rotation of the
polarization at the point where it exits the sample can be anywhere between these
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Figure 3.1: Oscillation of the polarization direction in a material possessing both a
Faraday effect and linear birefringence. When the light enters the sample the polarization
is along one of the crystal axes (first picture). As the light propagates the Faraday effect
causes rotation of the polarization (second picture). However, due to linear birefringence,
the polarization becomes elliptical and the long axis of the ellipse moves against the
Faraday rotation direction (third picture). A bit further in the sample the polarization
rotation has switched sign and the Faraday rotation works to get it towards the crystal
axis again (fourth picture).
extrema. It becomes clear from the above that, in general, there is no simple rela-
tionship between the magnetization direction and the rotation of the polarization in
anisotropic media. However, Woodford et al. have shown that, in the case of the
RE orthoferrites, the relationship between the rotation of the polarization and the
magnetization component along the light propagation direction is still approximately
linear, provided two conditions are fulfilled [6]:
1. The polarization is initially aligned within 1◦ to one of the crystal axes.
2. The thickness of the sample should be such that the number of oscillations of
the net rotation of the polarization is not approximately integer or half integer.
3.1.3 Detection
In this subsection we briefly discuss a practical scheme for the measurement of the
magnetization direction in RE orthoferrites using the Faraday effect. Due to the
latter, the rotation of the polarization of light θ in a sample of the material depends
on the angle φ between the magnetization m and the light propagation direction kˆ:
θ = R cosφ, (3.6)
where R is a constant related to the strength of the Faraday effect, the strength of
the linear birefringence, the polarization of the incoming light, and the thickness of
the sample. We can define the z axis to lie along kˆ. Then, the rotation θ is simply
proportional to the z component of the magnetization Mz:
θ ∼Mz. (3.7)
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Figure 3.2: Optical detection of the rotation of polarization with the crossed-polarizer
method. Because the Faraday effect rotates the polarization of propagating laser light,
the second polarizer does not block all the light. The signal from the photodiode will
be linear with the rotation if the latter is small. In the rare-earth orthoferrites, the angle
φ between propagation and magnetization direction determines how much rotation is
achieved.
A rotation of the polarization can easily be detected with the crossed-polarizer
method (see Fig. 3.2). With the polarizer the light is polarized in a direction along
one of the crystal axes. The analyzer is rotated by 90◦ compared to the polarizer.
Therefore, it will block all laser light unless Faraday rotation takes place in the sample.
The laser power P detected with the photodiode, is directly related to the rotation
of the polarization θ:
P = P0 sin θ. (3.8)
Here P0 is the laser power before the analyzer. Due to the moderate linear birefrin-
gence that is present in most rare-earth orthoferrites, θ can not become larger than
a few degrees in the majority of our orthoferrite samples. For these small angles we
can approximate sin θ by θ and, combining Eqs. 3.7 and 3.8, we get:
P ∼Mz. (3.9)
The linear relation between P and Mz makes it easier to interpret the measured
signal.
The optical measurement of the magnetization direction is thus a very conve-
nient tool. Apart from probing ultrafast dynamics, we also use it to measure the
static magnetic properties of a material. In this Thesis we show measurements of the
temperature dependence of the magnetization hysteresis in several RE orthoferrites.
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These measurements are very useful to identify phase transitions and magnetic com-
pensation points in the RE orthoferrites. Fig. 3.3(a) shows a schematic drawing of
the setup. The sample is mounted in a cryostat of the continuous-flow type. Linearly
polarized light is incident along a direction normal to the sample. An electromagnet
is oriented such that a magnetic field is applied in the same direction. Changes in the
Faraday rotation in response to a change in the applied magnetic field are measured
with a balanced photodetector. This detector uses a Wollaston prism to split the
incoming polarization into two orthogonal components, which are then separately de-
tected and subtracted in an electronic bridge. Modulation of the intensity (chopper)
in combination with lock-in amplification increases the signal-to-noise ratio. A typical
measurement with this setup is shown in 3.3(b).
3.2 Laser-induced excitation of the spin system in
orthoferrites
Magnetization dynamics is typically studied by bringing the spin system out of equi-
librium. The conventional way to do this is by quickly turning a magnetic field on
or off or by a magnetic field pulse. However, femtosecond laser pulses are not only
faster, they also offer several possible ways to excite magnetization dynamics. Three
of them come to mind for application in RE orthoferrites: heating [7], photo-induced
anisotropy change (shown in garnets [8]), and the inverse Faraday effect [9].
Phenomenologically it is easy to understand how heating can lead to the excitation
of spin dynamics. In many RE orthoferrites the magnetic anisotropy is strongly
temperature dependent and in the vicinity of the spin reorientation transitions it
even changes direction. An incident laser pulse acts as an ultrafast heater, creating
a change in the anisotropy direction and this leads to precession of the spins around
the new equilibrium. On the other hand, to understand the timescale of this process
a detailed look at the microscopic mechanisms is required. As was discussed in Ch.
2, the anisotropy change is due to repopulation of the 4f electrons in the RE3+ ions.
However, it is clear from the discussion of the optical properties in the same Chapter
that most of the laser pulse energy is absorbed in the Fe3+ ions through the excitation
of 3d electrons. Since REFeO3 is an insulator, we do not expect that a direct coupling
between the Fe3+ electrons and the RE3+ electrons plays a role. Instead, the energy
of the excited Fe3+ electrons will transfer to the lattice when the excited electrons
decay. Due to the strong electron-phonon coupling between Fe3+ 3d electrons and
the lattice this happens within 500 fs [10]. Repopulation of the RE3+ electrons then
follows as a result of the electron-phonon coupling of these electrons with the lattice.
This is illustrated in Fig. 3.4)(a). Since the electron-phonon coupling varies strongly
among the different RE ions (see Ch. 2), we expect the repopulation times to be
different as well. In Ch. 4 we investigate this further.
3.2 Laser-induced excitation of the spin system in orthoferrites 31
Laser
-
Chopper
Polarizer
Cryostat
PBS
Electronic
bridge
PD
PDMagnet
Lock-in
Amplifier
Rotation
value
(a)
(b)
−150 0 150
−20
0
20
θ 
(d
eg
)
−150 0 150
Magnetic field (G)
−150 0 150
140 K110 K80 K
2
Figure 3.3: (a) Experimental setup for measuring the magnetization hysteresis as a func-
tion of temperature. The light from an intensity-stabilized helium-neon laser is polarized
in a direction that deviates less than 1◦ from one of the sample crystal axes. It is then
focussed on the sample, which is mounted in a continuous-flow cryostat for temperature
control. We collect the transmitted light and direct it towards a balanced detector, in
which a Wollaston prism splits the incoming light into two orthogonally polarized beams.
These are detected and the signals are subtracted in an electronic bridge to yield a value
for the polarization rotation. To measure a hysteresis loop, we apply a magnetic field
in a direction perpendicular to the sample surface and sweep the field back and forth
once. Addition of an optical chopper in combination with a lock-in amplifier increases
the signal-to-noise ratio. (b) Example of a measurement with the setup showing the
hysteresis of the z component of the weak magnetization in (Sm0.5Pr0.5)FeO3 at different
temperatures. These measurements reveal the presence of a phase transition region in
which the net magnetic moment gradually rotates by 90◦ towards the z axis (see insets).
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Figure 3.4: Repopulation of RE3+ 4f electron energy levels by (a) increasing lattice
temperature and (b) direct excitation by an ultrashort laser pulse. As an example the
energy levels of Tm3+ are used here. As long as the population is largely in a single
state, like the ground state, the RE3+ 4f electron system contributes strongly to the
RE orthoferrite anisotropy energy. If the population is spread over several states this
contribution diminishes and the material can undergo a spin reorientation transition.
Instead of thermal repopulation of the RE3+ 4f electrons, the laser pulse can
also excite these electrons directly (Fig. 3.4(b)). When enough electrons are excited,
the anisotropy direction changes on the timescale of the laser pulse. This photo-
induced anisotropy change has successfully been studied in ferrimagnetic garnet films
([8, 11]). In RE orthoferrites, this effect would almost immediately start precession
of the spins around their new equilibrium. However, due to the same spin-orbit
coupling that governs the repopulation of the 4f electrons after thermal excitation,
the excited electrons will undergo decay to lower levels. Thereby the anisotropy axis
slowly returns to its original direction. Precession then continues around the original
equilibrium until it damps out.
In 1961 Pitaevskii proposed the existence of an inverse Faraday effect: a circularly
polarized laser pulse generates an effective magnetic field during its presence in the
material [12]. Phenomenologically the Faraday effect and its inverse are linked. They
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follow from the same term in an expansion of the thermodynamic free energy [13]:
F = χH (ERE
∗
R − ELE∗L) . (3.10)
Here χ is a material constant, H is the magnetic field, and ER and EL are the
amplitudes of the right- and left-handed polarization components, respectively. The
Faraday effect manifests itself as a difference between the dielectric constants R and
L for the two opposite circular polarizations. This difference can be a result of an
applied field H, which modifies the dielectric constants by an amount ∆R and ∆L:
∆R = − ∂
2F
∂ER∂E∗R
= −χH, (3.11)
∆L = − ∂
2F
∂EL∂E∗L
= χH. (3.12)
The inverse Faraday effect manifests itself as an induced magnetization M during the
presence of circularly polarized light:
M = − ∂F
∂H
= −ξ (ERE∗R − ELE∗L) (3.13)
This can be understood as an effective magnetic field due to a non-zero degree of
circular polarization. Although this thermodynamical approach is not valid at ul-
trashort timescales, the inverse Faraday effect exists also for ultrashort laser pulses.
Several microscopic effects can be responsible for an inverse Faraday effect and in the
case of ultrashort laser pulses in dielectric materials stimulated Raman scattering is
usually dominant [14].
The relative transparency of the RE orthoferrites in the visible and near-infrared
spectral regions allows for high peak fluences and thus very strong effective magnetic
field pulses of up to 5 T [9]. During such a pulse, the magnetization will rotate away
from its easy axis (Fig. 3.5). Therefore, the spin system will be out of equilibrium
after the pulse and antiferromagnetic precession sets in. The phase of the precession
depends on the helicity of the laser pulse polarization [9].
3.3 Pump-probe techniques to study spin dynamics
The usual way of measuring dynamics is a series of measurements at fixed time in-
tervals. In principle, by using for detection very short events, like femtosecond laser
pulses, it is possible to extend this method to the ultrafast timescale (<1 ps). How-
ever, the detector will not be ready to measure another laser pulse <1 ps after the
previous one. Also, a large number of these pulses in a short time might inadvertently
affect the properties under study. The pump-probe principle offers a solution to this
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Figure 3.5: Excitation of magnetization dynamics by left-handed (a) and right-handed
(b) circularly polarized laser pulses in a RE orthoferrite due to the inverse Faraday effect.
The presence of the femtosecond laser pulse in the material is equivalent to a strong
effective magnetic field. Due to this field, the net magnetization rotates away from its
equilibrium in a direction determined by the helicity of the laser pulse polarization. After
the pulse has left, the spin system is out of equilibrium and the sublattices start to precess.
Due to the antiferromagnetic coupling between the sublattices, this precession follows a
strongly elliptical path. Commonly, the major axis of this path is one or two orders of
magnitude larger than the minor axis. The minor axes of the ellipses shown here are
exaggerated for clarity.
problem. The idea is to reproducibly excite the dynamics many times using, for ex-
ample, ultrashort laser pulses. Then for every single measurement point there are two
pulses: one pump pulse for excitation and one probe pulse for detection. By varying
the time delay between the pump and the probe pulses for each measurement, one
obtains the time evolution of the studied phenomena (see Fig. 3.6). For successful ap-
plication of this technique, it is important that the system relaxes back to equilibrium
between two pump pulses and that the studied dynamics can be reproducibly excited.
Any irreproducible contribution will only show up as noise in the time dependence.
So far we have shown that femtosecond laser pulses are very suitable both for
excitation and detection of ultrafast magnetization dynamics in RE orthoferrites. A
practical measurement scheme becomes feasible by also using the pump-probe princi-
ple. By applying a magnetic field along the easy axis of the magnetization, the spin
system will return to the same state after each measurement and we achieve repro-
ducible excitation of magnetization dynamics. The setup used in the current study
of magnetization dynamics in RE orthoferrites is outlined in Fig. 3.7. A Ti:Sapphire
laser produces 100 fs seed pulses, which are then amplified to approximately 700 µJ.
Each pulse is split in a strong pump pulse (several to tens of µJ) and a weak probe
pulse (∼0.1µJ). With a computer-controlled delay line, formed by a retroreflector
on a motorized translation stage, we control the time delay between the two pulses.
The pump and probe pulses are then focused on the sample, which is mounted in a
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Figure 3.6: Principle of pump-probe techniques, which are developed to measure ultrafast
dynamics. First, at time t = 0, a piece of material is excited by a femtosecond pump laser
pulse. Then, at time t, the probe pulse detects the state of the material. This process is
repeated for different delays between pump and probe pulses such that the state is known
at many different times t. For shorter laser pulses, the time difference is defined better
and faster dynamics can be measured.
continuous-flow cryostat. An electromagnet is placed around the cryostat to gener-
ate a magnetic field. As in the static hysteresis measurements, we rely on balanced
detection to measure small differences in Faraday rotation. The amplifier produces
pulses at 1 kHz. To further increase the accuracy of our measurements, we use an
optical chopper to remove every other pump pulse and measure alternately the back-
ground (only probe) and the signal (pump and probe). After gated integration the
signal looks like a square wave (see Fig. 3.7). Lock-in amplification at 500 Hz conse-
quently yields an averaged value for the pump-induced magnetization change for that
particular time delay.
3.4 Femtosecond pump-probe imaging as a new tech-
nique to study spin dynamics in rare-earth or-
thoferrites
A very recent development in pump-probe techniques is femtosecond single-shot pump-
probe imaging [15]. First a single pump-probe pair is selected. Instead of focusing the
probe pulse to one point, it is made to illuminate a large spot around the excitation
area. This spot is then imaged on a ccd camera. Placing the sample between crossed
polarizers creates magneto-optical contrast. Fig. 3.8 shows a scheme of the experi-
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Figure 3.7: Experimental setup for excitation and detection of ultrafast magnetization
dynamics in RE orthoferrites. Femtosecond laser pulses, produced by a Ti:Sapphire laser
and amplified by an ultrafast amplifier, are split in a strong pump and a weaker probe pulse.
The pump pulse is directed towards a retroreflector, mounted on a computer-controlled
translation stage, to control its arrival time relative to the probe pulse. Polarizer P1
aligns the polarization of the probe pulse along one of the crystal axes of the sample.
The polarization of the pump pulses is made circular by combining polarizer P2 with a
quarter-waveplate. Both pulses are then focused on the sample, the probe to a bit smaller
spot than the pump. The sample is mounted in a continuous-flow cryostat to control the
temperature and the whole is positioned between the poles of an electromagnet with
which a permanent magnetic field is applied. With balanced detection (see Sect. 3.1)
small changes in the probe polarization direction can be accurately measured. By adding
an optical chopper in the pump path, we alternate between measurements of signal and
background (see signal at position 1). Gated integration then produces a waveform
(see signal at position 2) of which the amplitude is proportional to the pump-induced
polarization rotation. This amplitude is extracted with lock-in amplification. We use
filters in several places to control the pump and probe pulse energies.
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Figure 3.8: Single-shot pump-probe imaging setup. The excitation of magnetization
dynamics is identical to the pump-probe setup in Fig. 3.7. However, there are two
important changes for the probe. First is the illumination of a larger part of the part of
the sample by the probe and consequent imaging of this part on a ccd camera. In order to
prevent problems with scattered pump light, the wavelength of the probe pulse is changed
with an optical parametric amplifier (OPA) and a filter is added before the ccd-camera
to block light of the pump. Second is the addition of a chopper and shutter to a place
where pump and probe intersect. This allows for single-shot operation of the setup.
38 References
mental setup we use. The technique offers two important advantages. The first is the
spatial information about the dynamics that takes place after excitation. This can be
interesting because the pump pulse only excites a central spot in the image. The sec-
ond advantage is that each picture results from a single probe event. The initial state
of the spin system is clear and can be checked before every measurement. If needed, a
magnetic field pulse can be applied to get the sample in the right state, but a perma-
nent magnetic field is not necessary for reproducible excitations. This is important
for the study of phenomena that are strongly influenced by an applied magnetic field.
The lack of averaging and balanced detection makes it a challenge to obtain sufficient
magneto-optical contrast to distinguish differences in the spin orientation. Therefore
this technique is not suitable to study effects that manifests themselves only in the
smallest Faraday rotation differences.
Being a new technique, femtosecond single-shot pump-probe imaging has not yet
been applied to study magnetization dynamics in RE orthoferrites. Therefore we
have a unique possibility to study the spatial dependence of magnetization dynamics
in these materials for the first time. On top of that, this technique allows us to
study the dynamics in the absence of an applied magnetic field. On the other hand,
the Faraday rotation signals observed for the ultrafast spin reorientation in TmFeO3
[7, 16] and the excitation of spin resonances in DyFeO3 [9] are too small to be resolved
with the setup discussed above. A solution to this problem will be presented in Ch.
5.
3.5 Conclusion
Because of the strong optomagnetic coupling in rare-earth orthoferrites, magneto-
optical methods are very well suitable for the measurement of both static magnetic
properties and magnetization dynamics. Moreover, using femtosecond laser pulses, it
is possible to excite and probe magnetization dynamics on the ultrashort timescale.
Especially interesting is the application of femtosecond single-shot pump-probe imag-
ing in the study of magnetization dynamics in RE orthoferrites. This new technique
offers the opportunity to observe magnetization dynamics in 2D and in the absence
of an applied magnetic field and is therefore very promising.
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CHAPTER 4
Laser-Induced Ultrafast Spin Dynamics in ErFeO3
1
This Chapter deals with the investigation of spin dynamics in ErFeO3
excited by 100 fs laser pulses. Ultrafast heating by these pulses in the
vicinities of the magnetic compensation point Tcomp ≈ 47 K or spin re-
orientation transition region in the interval 86 K . T . 99 K can lead to
a switch in the magnetization direction and the excitation of spin reso-
nance modes. In a pump-probe experiment we have succeeded to excite
an ultrafast spin reorientation near the spin reorientation transition re-
gion and observed that the reorientation is significantly slower than in
previous experiments in other orthoferrites. We attribute this finding to
the weaker electron-phonon coupling of the Er3+ 4f electrons with the
lattice.
1Adapted from: J. A. de Jong, A. V. Kimel, R. V. Pisarev, A. Kirilyuk, and Th. Rasing, “Laser-
induced ultrafast spin dynamics in ErFeO3,” Phys. Rev. B, vol. 84, p. 104421, 2011.
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4.1 Introduction
As was shown recently, both the absorption of an ultrashort laser pulse [1] and the
effective magnetic field based on the inverse Faraday effect [2–4] play a role in ex-
citing spin dynamics in rare-earth (RE) orthoferrites at subpicosecond time scales.
Interestingly, although heating itself has been studied for centuries, the process of
ultrafast heating and the subsequent spin reorientation is not completely understood.
The reason is that the subpicosecond excitation brings the material into a strongly
non-equilibrium state. From experiments with TmFeO3 we know only that the spin
reorientation occurs on a time scale in the order of a quarter of the period of the
antiferromagnetic precession, which is a few picoseconds. In the RE orthoferrites,
the SRT is driven by a repopulation of electronic sublevels within the RE ground
multiplet [5, 6]. However, the details of the electronic structure differ much between
the various RE ions and the question is how this influences the ultrafast heating and
the laser-induced spin dynamics.
ErFeO3 is very different from TmFeO3 in some important details in the electronic
structure of the RE ion. First of all, Er3+ has an odd number of 4f electrons (Kramers
ion) and therefore the electronic states in the ground multiplet form doublets [7]. In
contrast, Tm3+ has an even number of 4f electrons and its electronic states are
isolated singlets [8]. The different separations in energy between these electronic
states strongly affect the population of these states at a given temperature. This in
turn has an effect on the magnetic properties. Also, the electron-phonon coupling
between the RE 4f electrons and the lattice is weaker in ErFeO3 than in TmFeO3 [9].
There are two temperature regions where ultrafast heating can induce magnetization
dynamics in ErFeO3. The first is the SRT, which is of the same type as in TmFeO3
and in the same temperature range. The second is the magnetization compensation
point Tcomp, which is the temperature where the magnetizations of the Er and Fe
sublattices exactly cancel each other. The presence of a Tcomp in ErFeO3 is unique
for the RE orthoferrites. In metallic ferrimagnets a magnetic compensation point is
more common and it has been demonstrated that in its vicinity the magnetization
can be reversed on a subpicosecond time scale [10, 11].
The goal of this Chapter is to investigate the ultrafast laser induced spin dynamics
in ErFeO3 in the temperature interval that includes both the compensation point and
the SRT. We show that at a temperature just below the SRT laser-induced heating
leads to an ultrafast spin reorientation. Contrary to what was observed in similar
experiments on TmFeO3, the reorientation takes longer than a few picoseconds. This
is remarkable, since heating of the lattice should take place in less than 500 fs. We
will argue that not this heating, but the weak electron-phonon coupling between
the lattice and the RE 4f electrons limits the speed of the reorientation in ErFeO3.
A consequence of this is that the reorientation speed depends on and can thus be
controlled by the laser pulse fluence. Additionally, we report on the excitation of
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Figure 4.1: (a) The a sample and c sample were cut perpendicular to the a axis and c
axis, respectively. (b) Orientation of the ferromagnetic vector m and antiferromagnetic
vector l of the Fe3+-sublattices in the a sample and c sample at temperatures T around
the region of the spin reorientation transition.
a spin resonance mode by an ultrashort laser pulse through both a heat-induced
anisotropy change and the IFE.
4.2 ErFeO3
As discussed in Ch. 2, ErFeO3 forms crystals with an orthorhombically distorted
perovskite structure (space group D162h or Pbnm). The unit cell has three different
axes: a = 5.3 A˚, b = 5.6 A˚ and c = 7.6 A˚ [12]. As a consequence, ErFeO3 crystals
are known to be moderately birefringent [13]. The ErFeO3 crystal we used in our
experiment was grown using the floating zone method [14]. The crystallographic axes
of the crystal were determined by x-ray diffraction. Two samples, both approximately
100-µm thick, were cut perpendicular to the a axis (further in the Chapter we will
refer to it as a sample) and perpendicular to the c axis (c sample), respectively (see
Fig. 4.1(a)).
Similar to other RE orthoferrites, the optical properties of ErFeO3 in the visible
and near infrared spectral range are dominated by electronic transitions from the 6A1g
levels to the 4T1g and
4T2g levels in the Fe
3+ ions [15–17]. These transitions are visible
as broad bands in the absorption spectrum. Being forbidden by the parity selection
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rule for electric-dipole transitions, they are characterized by moderate absorption
coefficients in the range of several hundred cm−1 [17]. Nevertheless, such absorption
is sufficient for inducing heat-driven ultrafast magnetic effects and orientation phase
transitions as we show below. Moreover, on top of these there are groups of very
narrow lines corresponding to Er3+ transitions from the 4I 15
2
ground state term to
higher terms [7, 16]. In some other RE orthoferrites these lines are broader [5], which
is another sign that the electron-phonon coupling between the Er3+ 4f electrons and
the lattice is relatively weak [18]. The ground state term is split into eight Kramers
doublets by the crystal field. Because the Er3+ ion has an odd number of electrons,
this degeneracy can only be lifted by magnetic interactions.
The magnetic properties of ErFeO3 are rather unusual. At TN = 643 K the Fe
3+
ions order into four sublattices, which are antiferromagnetically coupled. Due to the
Dzyaloshinskii-Moriya interaction there is a small canting between these sublattices
leading to a macroscopic magnetization. The result is a Γ4 configuration, with a net
magnetization along the c axis. The Er3+ ions only order at temperatures lower than
4.4 K [19]. However, they are coupled antiferromagnetically to their Fe3+ neighbors
by a superexchange interaction. This interaction is relatively weak and causes only a
small splitting of the Kramers doublets. Therefore the Er3+-magnetization is negligi-
ble above 100 K. As the temperature is lowered, however, it starts to increase. At the
magnetization compensation point, around 45 K, it is equal to the net magnetization
of the Fe3+-sublattices and the total magnetization vanishes [19]. The SRT results
from the fact that the size of the splitting of the Kramers-doublets increases if the
magnetic configuration of the Fe3+ ions changes from Γ4 to Γ2, which has a net mag-
netization along the a axis [16]. At high temperatures the single ion anisotropy of
the Fe3+ ions fixes the configuration to Γ4. However, at low temperatures it becomes
energetically more favorable to have a larger splitting of the Kramers-doublets. The
SRT region, around 90 K, marks the boundary between these two (see Fig. 4.1(b)).
The compensation point and the SRT region in our samples were identified by
measuring the hysteresis of the magnetization component perpendicular to the sample
surface using the Faraday effect on a laser beam with the wavelength λ = 633 nm.
Fig 5.3 shows some of the measured hysteresis loops. We plotted the remanences and
the average coercive fields (half the width) measured from the loops in Fig. 4.3(a)
and 4.3(b), respectively. Due to the vanishing net magnetization, the coercive field
diverges at the temperature of Tcomp. In our a sample we find Tcomp ≈ 47 K. Because
in ErFeO3 magneto-optical properties such as the Faraday effect are dominated by the
Fe3+ ions, we are only sensitive to the magnetization of Fe3+ in these measurements.
Therefore the height of the loops does not change with the changing magnetization of
the Er3+ ions. There is only a sudden flip of the sign as the magnetization recovers in
the opposite direction. Near the SRT the coercive field goes to zero as a result of the
decreasing magnetic anisotropy. We find this transition in the temperature interval
86 K . T . 99 K. These values are very close to those found by measurements of
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Figure 4.2: Hysteresis of the magnetization in the a sample (left) and c sample (right) in
response to a magnetic field applied perpendicular to the sample surface. With the help
of the Faraday effect we probe the out-of-plane component of the magnetization.
sound velocity [20] and neutron scattering [21] in ErFeO3.
4.3 Laser-induced spin dynamics
To excite and measure the spin dynamics we used the pump-probe technique described
in Ch. 3. In this experiment we used laser pulses of approximately 100 fs at a photon
energy of 1.55 eV. The pump pulses had an energy of 9µJ and were focused to a spot
with a full width at half maximum of approximately 120µm. They were circularly
polarized to create an effective magnetic field in the sample during the pulse by means
of the IFE. The probe beam was linearly polarized, about 20 times weaker than the
pump, and focused to a spot a bit smaller than that of the pump. During these
measurements we applied a magnetic field to prepare the sample in a well-defined
initial magnetic state for every new measurement at temperatures below and in the
SRT region. Therefore, for the c sample, we put the magnetic field along the a axis,
since this is where the ferromagnetic vector m points at temperatures below the SRT
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Figure 4.3: (a) Normalized magnetization of Fe3+ and (b) average coercive field along
the a axis (open dots) and the c axis (filled dots). We identify the compensation point
through the switch in the sign of the Fe-magnetization and the diverging coercive field. In
the spin reorientation transition the magnetization component along the a axis vanishes,
while it appears along the c axis.
region (see Fig. 4.1(b)). For the a sample we created a small component of the field
along the a axis by rotating the magnet by 8◦ such that the magnetic field pointed
between the a axis and the b-axis.
Fig. 4.4 shows the change of polarization rotation in the probe beam as a function
of time delay in the c sample at several temperatures in the range from 30 K to 100 K.
Measurements for both left- and right-handed circular polarization of the pump pulse
and an applied field of 2.3 kG are plotted. We can distinguish three processes, each
with their own associated time scale. First of all, we observe a large peak during the
overlap of the pump and probe pulses. The sign of the peak depends on the helicity
of the pump pulse polarization. Second, in the temperature range from 50 K to 90 K,
after the overlap of the pump and the probe pulses, one can observe oscillations of
the magneto-optical signal with a period between 3 ps and 10 ps. Finally, apart from
the oscillations, one can distinguish a (gradual) change of the signal toward a new
value. The characteristic time ranges from a few to several tens of picoseconds.
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Figure 4.4: Change of the probe polarization as a function of time delay. The direction of
the probe beam is along the c axis of ErFeO3. At t = 0 the material is excited by a strong
laser pulse with circular polarization σ− (dotted) or σ+ (full). The applied magnetic field
during the measurements was 2.3 kG (for field direction see text).
The strong peak during the overlap of the pump and probe is a good marker of
the zero time-delay. It is the result of the population of excited states in the Fe3+
ions and the Er3+ ions. Most of the absorption takes place in the Fe3+ ions and the
time scale of the decay of their excited states is much shorter than the pulse [22]. But
also off-resonant pumping of electronic transitions in Fe3+ and Er3+ can change the
magneto-optical signal strongly during the overlap of the pump and the probe [23].
The peak is thus due to a change in the magneto-optical properties of the material
rather than a change in the magnetization.
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To analyze the behavior of the magneto-optical signal after the action of the pump
pulse, we note that the effect of light on the magnetic system can be twofold. First
of all, due to the absorption of light and the dissipation of energy in the material, an
ultrafast laser excitation leads to an effective generation of phonons and thus serves as
an ultrafast heater of the sample [22]. Near an SRT this temperature increase leads
to a change in the direction of the magnetic anisotropy and near a compensation
point to a change of the sign of the net magnetization direction. Second, due to the
IFE the excitation of a medium with an ultrashort circularly polarized laser pulse can
be equivalent to the action of an effective magnetic field pulse. Obviously the latter
effect will strongly depend on the polarization of the laser pulse, while laser-induced
heating will hardly be influenced by it.
To isolate the polarization-dependent from the polarization-independent effects we
take the difference and the sum, respectively, of the curves measured with opposite
circular polarizations of the pump pulse. In Fig. 4.5 the results for the polarization-
independent part in the a sample and the c sample are plotted, demonstrating only
an effect in or below the SRT. This is consistent with heating as the source of the
polarization-independent effect, because only near a phase transition heating can
effectively bring the spin system out of equilibrium. Only in the c sample, we also find
effects that depend on polarization. These can be seen in the difference curves plotted
in Fig. 4.6. The jump of the signal right after the overlap peak is clearly visible.
A careful inspection of the curves also reveals some oscillations in the temperature
region from 50 K to 90 K. From this figure it is not easy to draw conclusions about the
source of the polarization-dependent effect. Therefore, we will come back to it after a
more detailed analysis. We have not observed any laser-induced spin dynamics below
the compensation point. For the a sample the experimental geometry is suitable to
observe magnetization reversal upon heating across the compensation point (see Fig.
5.3). However, for this the component of the applied magnetic field along the a axis
needs to be larger than the coercive field. Clearly, compared to the coercive field of
the heated material, this component was too small to switch the magnetization.
4.4 Excitation of spin resonance
The oscillations in the curves shown in Fig. 4.5 and Fig. 4.6 are mainly excited
via the heat-driven mechanism. Those excited via the polarization-dependent effect
can also be seen, but their amplitude is very small. Both amplitude and frequency
appear to be temperature dependent. To analyze these dependencies, we have fitted
the Faraday rotation signals observed at different temperatures using the following
function:
β(t) = Ae−t/γ1 cos(2piνt− φ) +Be−t/γ2 + C. (4.1)
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Figure 4.5: Polarization-independent effect of pump pulse on the Faraday rotation as
a function of time delay for temperatures between 60 K and 100 K (a sample and c
sample). These curves are obtained by summation of the curves measured with left- and
right-handed circular polarization of the pump. Curves for different temperatures have
been displaced for clarity. The applied magnetic field was 2.3 kG.
The first term is the oscillation part and contains the fit parameters A, ν, φ, and γ1.
These are, respectively, the amplitude, frequency, phase, and relaxation time of the
oscillations. The other two terms approximate the shape of the curve, apart from the
oscillations. Fit parameters B and γ2 are the amplitude and relaxation time of an
exponential decay and C is the value at which the signal eventually settles and which
is, like the oscillation amplitude, measured in degrees of Faraday rotation.
Temperature dependencies of the amplitude A and the frequency ν of the oscilla-
tions extracted from the fits are plotted in Fig. 4.7. The frequencies of all observed
oscillations are in very good agreement with the frequency of the quasi-ferromagnetic
resonance (qFMR) mode in ErFeO3 [24]. This means that the oscillations in Fig.
4.6 are now also identified as an excitation of the spin system. Because they depend
on the helicity of the pump polarization, we can conclude that they are excited via
the IFE. The temperature dependence of the oscillation amplitudes is consistent with
this picture. First of all, the oscillations triggered via heating are excited only if the
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Figure 4.6: Polarization-independent effect of the pump pulse on the Faraday rotation
in the temperature interval 40 K to 90 K (a sample and c sample). Now the curves are
the difference between curves measured with left- and right-handed circular polarization.
Curves for different temperatures have been displaced for clarity. The applied magnetic
field was 2.3 kG.
temperature of the sample is in or below the SRT region. The oscillations excited
via the IFE appear also below or in the very beginning of the SRT region. Here the
effective magnetic field generated by the circularly polarized light is perpendicular to
the ferromagnetic vector and can thus trigger the qFMR mode. Above the SRT the
effective magnetic field is parallel to the ferromagnetic vector and thus the qFMR
mode can not be excited via the IFE [2, 25]. In principle, in ErFeO3 one can also ex-
pect to find a quasi-antiferromagnetic (qAFMR) mode. However, this mode can not
be excited by heating and is therefore of limited interest in the current investigation.
If the mode would be somehow excited, it will not be visible in our data because its
frequency is of the order of 1 THz.
The amplitudes and frequencies in the c sample appear to be shifted a few Kelvin
to higher temperatures compared to those in the a sample. This is likely connected
with small differences in the mounting of the samples. Note also that the temperature
region in which we have been able to excite oscillations by heating is a bit narrower in
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Figure 4.7: Amplitude of oscillations in the a sample (a) and c sample (b) as a function of
temperature. The applied magnetic field was 2.3 kG. We distinguish oscillations caused
by heating from oscillations caused by the inverse Faraday effect. (c) The frequencies
of the oscillations due to heating (filled) and the inverse Faraday effect (open) in the a
sample (squares) and the c sample (dots). The error bars are 95 % confidence intervals
obtained from the fitting procedure. The lines in these graphs are guides to the eye.
the c sample. At temperatures just below the reorientation region, these oscillations
are only visible in the a sample. In the c sample the curves corresponding to these
temperatures have a strange shape (see Fig. 4.5). We think this is the result of
interplay between the IFE and the applied magnetic field in the determination of the
spin reorientation direction. Studies of this effect will be published elsewhere.
In principle, one would expect the frequency of the oscillations to be the frequency
of the qFMR mode at the temperature of the heated material. We note that in the
a sample, at 82.5 K and for an applied field of 2.3 kG, the spin oscillations excited by
heating have a frequency belonging to a temperature lower than that of the SRT (see
Fig. 4.7). If our material would indeed have this temperature, it would be impossible
to excite spin oscillations by heating. The same was observed in TmFeO3 [3]. This
can be explained if we take the Gaussian profile of the pump pulse into account. This
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profile results in a temperature gradient with a maximum temperature in the center
of the pump spot. Near the edge of the pump spot, the spins are not brought out of
equilibrium by the pump itself, but by their neighbors. Assuming the oscillations in
the area are in phase, the resulting qFMR mode frequency will be slightly lowered.
4.5 Ultrafast spin reorientation
Apart from the oscillations, the overall magneto-optical signal eventually settles on
a new value. In the case this change is driven by heating, the process can take up
to 40 ps to complete. However, in Fig. 4.6, which shows the polarization-dependent
effect, this process is completed already during overlap. We first consider the total
change, from the pre-overlap value to the end value, which is given by the parameter
C. In Fig. 4.8 the temperature dependence of C is plotted for both samples and for
applied magnetic fields of 2.3 kG and −2.3 kG.
In the case the total change is due to heating, the parameter C corresponds to
the reorientation amplitude of the spin system. This is supported by the fact that in
both the a sample and the c sample the value switches sign if the applied magnetic
field is reversed and by the fact that in the a sample the highest value is reached at
the lower bound of the SRT. In the c sample the reorientation amplitude shows a kink
at 87.5 K. This coincides with the strange shape of the corresponding curves in Fig.
4.5 discussed earlier.
In the c sample there is also a total change due to the presence of a polarization-
dependent effect (see Fig. 4.8(b)). The value of C, around 0.08◦ Faraday rotation, is
hardly influenced by temperature or the sign of the applied magnetic field. This is in
strong contrast with the temperature dependence of the magnetic structure of ErFeO3,
which experiences dramatic changes in the studied temperature range. Therefore, it
is natural to suggest that this polarization-dependent effect is not associated with a
change in the spin system.
In contrast with the outcome of similar experiments in other RE orthoferrites, the
heat-induced spin reorientation in ErFeO3 (see Fig. 4.5) appears to be significantly
slower than a quarter of the period of the antiferromagnetic precession [1, 3]. This is
interesting, because it implies that in our experiments, the reorientation is probably
limited by the speed of the change in magnetic anisotropy direction rather than the
spin precession period. The magnetic anisotropy in RE orthoferrites depends strongly
on the populations of the RE 4f electrons in the different sublevels of the ground
multiplet [5, 6]. Considering the slow speed of reorientation in ErFeO3, it is unlikely
that a photo-induced anisotropy change (i.e., a direct excitation of these electrons)
plays a large role. The repopulation must therefore be driven by thermal excitation of
the RE 4f electrons. Because of the large spectral width of the pump pulse compared
to the narrow line widths of electronic transitions in Er3+, most of the absorption of
the 1.55 eV photons takes place in the Fe3+ ions. To get a reorientation, the energy
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at which the magneto-optical signal settles (parameter C), as a function of temperature
in the a sample (a) and the c sample (b). Polarization-dependent (open) and the heat-
induced (filled) effects of the pump pulse are plotted. The applied magnetic field was
2.3 kG (dots) and −2.3 kG (squares). Because reversing the applied magnetic field has
very little influence on the polarization-dependent effect, these two data sets are almost
on top of each other. The lines are guides to the eye.
then needs to move from the excited Fe3+ 3d electrons to the Er3+ 4f electrons
(see Fig. 4.9). As the electronic transitions excited in the Fe3+ ions are broad [17],
thermal equilibrium with the lattice is expected to be reached within a few hundred
femtoseconds, like in similar materials [22]. Therefore, the energy transfer from the
lattice to the Er3+ 4f electrons, via the electron-phonon interaction, appears to be
the bottleneck.
This energy transfer from the laser excitation to the Er3+ 4f electrons via the
lattice can be simulated with a simple model in which we make the following assump-
tions: the heating of the lattice yields a sudden temperature increase at t = 0, heat
conduction through the material does not play a role at this time scale, the specific
heat capacity of the Er3+ 4f electrons Ce is negligible compared to the lattice specific
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Figure 4.9: Following the ultrafast laser excitation of ErFeO3, energy flows from the
excited Fe3+ 3d electrons to the Er3+ 4f electrons via the lattice. Due to the strong cou-
pling between the Fe3+ 3d electrons and the lattice, most of the energy of the excitation
will reach the lattice within 500 fs. The coupling between the lattice and the Er3+ 4f
electrons is much weaker. Therefore this coupling is the bottleneck in the energy flow.
heat capacity Cl and the temperature dependences of Ce and the electron-phonon
coupling constant g2 near the SRT region can be neglected. The process is then
governed by the equation:
Ce
dTe
dt
= −g2 (Te − Tl) , (4.2)
in which Tl and Te are the temperatures of the lattice and the RE 4f electrons, re-
spectively. In total, four parameters are left: the initial temperature, the temperature
increase ∆T , and the material properties g2 and Ce.
In Fig. 4.10 the results of the model with an initial heating ∆T = 20 K and Ceg2 =
15 ps are shown for three different initial temperatures: 70 K, 80 K, and 90 K. One
can see that, if the initial temperature of the material lies below the SRT, it first needs
to warm up to the lower bound of the transition before the reorientation can start.
These delays are present both in the simulation and in the measurements (see Fig.
4.10). Note that the y axes in both graphs are different. It is not straightforward to
accurately determine the temperature increase from the Faraday rotation of the probe.
Factors responsible for this are a slightly non-linear behavior of the spin rotation with
temperature [26], an increase in the magnetization by 70 % in the interval of the SRT
[26], the non-linear relationship between the rotation angle and the component of
magnetization that we measure and finally, the inhomogeneous fluence across the
sample thickness due to absorption. Nevertheless, the qualitative agreement between
model and measurements is striking.
The model also predicts that a large temperature difference leads to very rapid
heating (see Eq. 4.2) and this means that the reorientation speed can be controlled
by the laser fluence. Despite the fact that this fluence differs for different places in
the sample, it is everywhere proportional to the laser pulse energy. The response of
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Figure 4.10: (a) Heating of the Er3+ 4f electrons due to the coupling to a warmer lattice
from three different starting temperatures: 70 K, 80 K, and 90 K. At time t = 0 the
temperature of the lattice is instantaneously increased by 20 K. One can see that the
reorientation starts at a later point in time (arrows), which depends on the difference
between the initial temperature and the temperature at which the spin reorientation
transition starts (lower dashed line). (b) Change of the Faraday rotation in the probe
pulse as a function of time delay in the a sample for three different temperatures. Note
that the start of the reorientation is delayed (arrows) in a similar way as in the model.
the spin system in the a sample as a function of time delay for different pump pulse
energies at 90 K is plotted in Fig. 4.11. To quantify the results, the reorientation
time is defined as the time it takes for the Faraday rotation to reach 80 % of the final
reorientation value C. The results for the reorientation amplitude and the reorienta-
tion time are plotted in Fig. 4.12(a) and (b), respectively. In the region below 6.6 µJ,
the reorientation amplitude is still increasing with increasing pump pulse fluence. Be-
cause there the reorientation time is not a good indicator to compare the speed, this
region is colored grey. For higher pulse energies, we can indeed see a rapid decrease
of the reorientation time with increasing pulse fluence. Around 10 µJ it levels off at a
value of 5 ps, which is close to a quarter of the antiferromagnetic precession period,
as was found previously in TmFeO3 [1].
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Figure 4.11: Change of the Faraday rotation in the probe pulse as a function of time
delay in the a sample at 90 K for different pump pulse energies.
The final two parameters in Eq. 4.2 are related to the material. The SRT in
TmFeO3 is very similar to the one in ErFeO3 and occurs in a similar temperature
range. We can also assume that the electron heat capacities in Er3+ and Tm3+
differ only minimally. However, the electron-phonon coupling for Er3+ is significantly
weaker than for Tm3+. This is evident from the narrow line widths of the electronic
transitions of the Er3+ ions in ErFeO3 [18] and is consistent with the variation of the
electron-phonon coupling in the trivalent lanthanide ions found in other crystals [9]
(see Fig. 2.3). We think this is the most reasonable explanation for the fact that a
clear delay between the overlap and the start of reorientation is observed in ErFeO3
(see Fig. 4.10) and not in TmFeO3 [1, 3].
4.6 Conclusion
Using 100-fs laser pulses we have excited spin dynamics in ErFeO3 via two different
mechanisms. The first is the action of the laser pulse as an effective magnetic field
pulse due to the inverse Faraday effect. It led to excitation of the qFMR mode. The
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the graph where the reorientation amplitude is still increasing, is colored grey. The lines
are guides to the eye.
second is the absorption of the laser pulse leading to rapid heating of ErFeO3 across its
compensation point and spin reorientation transition. Near the compensation point
this did not result in any spin dynamics that we could detect. However, near the
SRT it resulted in ultrafast spin reorientation and the excitation of the qFMR mode.
The reorientation was slower than previously reported for a similar phase transition
in TmFeO3. We can attribute this to the weaker electron-phonon coupling of the
Er3+ 4f electrons with the lattice, which creates a bottleneck in the transfer of the
excitation energy to these electrons. By varying the laser pulse fluence, we could
control the speed of the reorientation.
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CHAPTER 5
Ultrafast Spin Dynamics in Tailored Rare-Earth Orthoferrites1
In this Chapter we study the spin dynamics in two rare-earth ortho-
ferrites designed for special purposes. The first is (Sm0.55Tb0.45)FeO3,
which is designed to have a spin reorientation transition near room tem-
perature. Materials such as this one can be very useful for possible
applications. We found that the laser-induced excitation of spin dynam-
ics was indeed strongest close to room temperature. However, also at
lower temperatures the laser pulse excited spin dynamics in the material
and below 50 K we observed spin precession at two frequencies. This is
very peculiar since in our experimental geometry we expect to excite and
detect only one spin resonance mode. The second is (Sm0.5Pr0.5)FeO3,
a material with reduced linear birefringence in the ab plane. As it was
shown in Ch. 3, this property can offer increased Faraday rotation sig-
nals, thus reducing the contributions of artifacts and noise. Here we
found that the Faraday rotation signals of spin dynamics excited due
to rapid, laser-induced heating, were significantly larger than in other
(previously) studied rare-earth orthoferrites.
1Adapted from: J. A. de Jong, A. M. Kalashnikova, R. V. Pisarev, A. M. Balbashov, A. V.
Kimel, A. Kirilyuk, and Th. Rasing, “Excitation and Detection of Ultrafast Spin Dynamics in
Low-Birefringence Orthoferrites with Femtosecond Laser Pulses,” in preparation.
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5.1 Introduction
Pump-probe experiments in the rare-earth (RE) orthoferrites TmFeO3, ErFeO3 and
DyFeO3 have shown light-induced excitation of spin resonances and ultrafast spin
reorientation in these materials [1–3]. Both application and further investigation of
these findings face some serious challenges. One of these is that in previous inves-
tigations of laser-induced spin dynamics in orthoferrite samples the excitation was
found to be most effective at cryogenic temperatures. Clearly, this complicates the
use of these materials in scientific investigations and it severely limits the possibilities
of their application in technology. Another challenge is to improve the detection of
spin dynamics in the orthoferrite samples. In the investigations mentioned above, it
relies on very small changes in the polarization of the probing laser pulse. For exam-
ple, this would result in a very poor magneto-optical contrast in an experiment using
single-shot pump-probe imaging (see Ch. 3).
One may of think of two approaches to solve these issues. One is to improve the
technologies to cool the materials and detect small changes in the rotation of light.
The other is to tailor the properties of the materials. The latter idea was already
successfully applied to RE orthoferrites in the late 1960’s and early 1970 of the last
century at Bell Telephone Laboratories and RCA Corporation. We distinguish two
properties of orthoferrites that have been tailored in the past: the spin reorientation
transition (SRT) temperature and the linear birefringence. Optimizing the tempera-
ture at which the SRT takes place can result in a material with the right properties
for laser-excitation of spin dynamics at room temperature. And, since linear bire-
fringence limits the Faraday rotation in RE orthoferrite samples [4], alteration of this
property may increase the Faraday rotation signal and improve the detection of spin
dynamics.
The goal of this Chapter is to explore laser-induced spin dynamics in two RE or-
thoferrites designed for special purposes: (Sm0.55Tb0.45)FeO3 and (Sm0.5Pr0.5)FeO3.
The first has a spin reorientation transition near room temperature. The second has
a low linear birefringence in the ab plane. We will show that in these materials an
ultrashort laser pulse can excite spin precession and cause an ultrafast spin reorien-
tation. In (Sm0.55Tb0.45)FeO3 the strongest excitation of spin dynamics was found
near room temperature. In (Sm0.5Pr0.5)FeO3 the amplitudes of the oscillations in the
signal resulting from spin precession is about an order of magnitude larger than in
ErFeO3. Two mechanisms are responsible for inducing the precession in the materi-
als: heating and the inverse Faraday effect (IFE). From our analysis it will become
clear that at low temperatures, the latter effect excites spin precession at two res-
onance frequencies in (Sm0.55Tb0.45)FeO3. This is a very peculiar result, since our
experimental geometry is such that we expected to excite only one spin resonance
mode.
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5.2.1 Spin reorientation transition near room temperature
Rare earth orthoferrites can have several temperature points or regions where the
magnetic configuration changes [5]. These SRTs may effectively be used for the ex-
citation of spin dynamics by ultrashort laser pulses. At temperatures below such a
transition ultrafast heating by the laser pulse can bring the spin system out of equi-
librium and trigger a spin reorientation. In almost all the pure RE orthoferrites the
SRT regions lie at inconveniently low temperatures. The only exception is SmFeO3,
of which the SRT takes place at a temperature much higher than room temperature.
In Fig. 5.1(a) we plotted the central temperatures of the known SRT regions in the
RE orthoferrites (disputed ones and those below 10 K, which are due to RE ordering,
are not plotted).
The dependence of the magnetic anisotropy energy on temperature is strongly
influenced by details in the electronic structure of the RE ions. By mixing two different
RE ion types in one orthoferrite, at any temperature the magnetic anisotropy energy
will be somewhere between the anisotropy energies of each of the corresponding pure
orthoferrites. As a consequence the SRT temperature range of the mixed orthoferrites
lies somewhere in between the SRT temperatures of the pure ones [9]. As is shown
in Fig. 5.1(b), a mix of Sm3+ with one of the other RE ion types results often in an
SRT near room temperature. In some of these mixed RE orthoferrites it should be
possible to effectively excite magnetization dynamics at room temperature, which is
convenient for scientific investigations and crucial for technological applications.
5.2.2 Reduction of linear birefringence
As discussed in Ch. 3, the moderately strong linear birefringence in the RE orthofer-
rites severely limits the Faraday rotation signal in magneto-optical measurements in
the transmission geometry. However, not all RE orthoferrites display equally strong
linear birefringence. As first noted by Clover et al. [12, 13] and later explained by
Moskvin et al. [14], there is a relation between the linear birefringence and the ionic
radius of the RE ions. In Fig. 5.2(a), the difference in the refractive indices along
the a axis and the b axis (nb − na) is shown for a large number of RE orthoferrites.
The data in these graphs was extracted from works of Tabor et al. [4] and Clover et
al. [12, 13]. The horizontal axis shows the effective ionic radii of the ions as were col-
lected by Shannon et al. [15]. The pure RE orthoferrites show a clearly monotonously
decreasing value of nb − na with increasing effective ionic radius.
According to the data in Fig. 5.2, Nd3+ and Pr3+ have almost the right size
to eliminate the linear birefringence in the ab plane. The linear birefringence can
be further reduced in orthoferrites that contain RE ions that are slightly too large
in combination with RE ions that are slightly too small [12, 13]. The relationship
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between nb − na and the average effective ionic radius of all the RE ions in the
crystal is far from linear. However, trying various ratios and ion types, Clover et
al. found several mixes in which the linear birefringence in the ab plane had almost
disappeared [12, 13]. In Fig. 5.2(b) nb − na is plotted for some of the low-birefringence
(mixed) orthoferrites.
5.2.3 Properties of investigated samples
We investigated three different mixed RE orthoferrites. They are marked red in
Fig. 5.1(b) and Fig. 5.2(b). (Nd0.8Pr0.2)FeO3 and (Sm0.5Pr0.5)FeO3 have a low
linear birefringence in the ab plane and (Sm0.55Tb0.45)FeO3 shows an SRT near room
temperature. The three crystals were grown by A. M. Balbashov at Moscow Power
Engineering Institute using the floating-zone method. From each of these we obtained
one sample that was cut perpendicular to the c-axis. The thicknesses were 41 µm for
(Nd0.8Pr0.2)FeO3, 93 µm for (Sm0.5Pr0.5)FeO3 and 158 µm for (Sm0.55Tb0.45)FeO3.
By measuring the magnetization hysteresis due to an applied magnetic field along
the c axis at different temperatures with the Faraday effect, we obtain information
about the SRT temperature as well as the linear birefringence. Since the Faraday
rotation is proportional to the projection of the magnetization M on the direction
of light propagation kˆ, the effect is sensitive to a rotation of M . Therefore, the
SRT temperature interval will be clearly visible in the temperature dependence of the
hysteresis loops. Linear birefringence strongly limits the maximum Faraday rotation
in a sample. We thus expect to find larger Faraday rotation signals in the materials
with lower birefringence.
In Fig. 5.3 for each of the samples some hysteresis curves are plotted. Note the
large difference of an order of magnitude in the Faraday rotation between the low
linear birefringence samples (left and middle) and (Sm0.55Tb0.45)FeO3 (right). As
expected the Faraday rotation in the (Nd0.8Pr0.2)FeO3 sample is the largest, followed
by (Sm0.5Pr0.5)FeO3. The moderate linear birefringence of (Sm0.55Tb0.45)FeO3 leads
to a maximum Faraday rotation of a few degrees. This is a little better than the
maximum Faraday rotation found previously in samples of ErFeO3 and TmFeO3.
In Fig. 5.4 we summarized the results of the hysteresis measurements relevant
for identifying the SRT temperature interval. On the vertical axes the magnetization
components along the c axes are shown, measured in degrees of Faraday rotation
and equal to half the heights of the corresponding loops. The SRT intervals are the
marked regions where the signal increases with temperature. The SRT interval in
(Nd0.8Pr0.2)FeO3 and (Sm0.5Pr0.5)FeO3, 60 K . T . 110 K and 98 K . T . 130 K
respectively, are both at temperatures common for an SRT in an RE orthoferrite.
On the other hand, the SRT temperature interval of (Sm0.55Tb0.45)FeO3 lies a little
below room temperature (200 K . T . 270 K). The upper bound of this tempera-
ture interval is difficult to determine, because the Faraday rotation signal is rapidly
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Figure 5.3: Magnetization hysteresis loops at different temperatures in (Nd0.8Pr0.2)FeO3,
(Sm0.5Pr0.5)FeO3 and (Sm0.55Tb0.45)FeO3 due to an applied magnetic field along the c
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other for clarity. The vertical scale is the same in the three graphs. Because the Faraday
rotation is much smaller in (Sm0.55Tb0.45)FeO3, these curves are multiplied by 10. In
all three samples a magnetization component along the c axis appears with increasing
temperature. This is due to the spin reorientation transition.
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decreasing around this 270 K. This is due to the changes in linear birefringence and
Faraday rotation with temperature and it is not uncommon that this happens around
these temperatures in RE orthoferrites.
The Faraday rotation signal in the samples with a reduced linear birefringence
is up to 25 times higher than in TmFeO3 [3] or ErFeO3 (Ch. 4). This is very
promising for the investigation of laser-induced spin dynamics in these materials.
The SRT temperature interval in the (Sm0.55Tb0.45)FeO3 sample lies a little below
room temperature. However, the mixing of Sm3+ and Tb3+ ions in one orthoferrite
is a successful strategy for optimizing the SRT-temperature and we are convinced
that a material with only slightly different proportions of the two ion-types will have
the desired properties. Therefore, it is very useful to investigate laser-induced spin
dynamics in our mixed Sm3+/Tb3+ orthoferrite sample.
5.3 Laser-induced spin dynamics in tailored ortho-
ferrites
Laser-induced spin dynamics in (Sm0.5Pr0.5)FeO3 and (Sm0.55Tb0.45)FeO3 was mea-
sured using a pump-probe technique. The principles of this technique are explained
in Ch. 3. For these measurements we used a 100-fs pump pulse with a central wave-
length of 800 nm and a circular polarization. It was incident under a small angle with
the sample normal. The total energy in the pump pulse was approximately 9µJ. The
100-fs probe pulse also had a central wavelength of 800 nm but with a total energy
that was about 50 times smaller than the total energy of the pump pulse. It was inci-
dent approximately perpendicular to the sample surface and with a linear polarization
aligned approximately along the a axes of the crystals. The pump pulse was focused
to an area of approximately 100µm (full width at half maximum) and the probed
area was somewhat smaller. During the measurement a magnetic field of 1.3 kG was
applied in a direction between the a axes and the c axes of the samples (14◦ from c
axis). The temperature of the samples was controlled with a continuous-flow cryostat.
Previous results of laser-induced spin dynamics in TmFeO3 [3] and ErFeO3 (Ch.
4) have shown that the pump pulse can excite spin dynamics in RE orthoferrites
by two fundamentally different mechanisms. First of all, the absorption of light by
electrons and their subsequent relaxation creates a lot of non-equilibrium phonons.
These phonons interact with the RE 4f electrons, which consequently heat up. When
the effective temperature of the RE 4f electron system reaches the temperature of an
SRT, the magnetic anisotropy axis starts to change rapidly, resulting in an ultrafast
spin reorientation and the excitation of spin resonance modes. Second, due to the IFE
the circularly polarized pump pulse acts as an effective magnetic field in the material
[16]. This can also result in the excitation of spin resonance modes [2]. We expect that
the effect of the large reduction of the linear birefringence on the detected Faraday
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rotation signals in (Sm0.5Pr0.5)FeO3 will be different for these two mechanisms. In
the case of heating, the Faraday rotation signal becomes larger because the maximum
effective Faraday rotation is larger in the low-birefringence material. This is purely
a matter of efficient detection. In case of the inverse Faraday effect the situation is
more complicated. The sign of the generated effective field depends on the pump
pulse polarization and this is just as much affected by linear birefringence as the
probe polarization. By itself the effect of the linear birefringence on the pump pulse
polarization will also decrease the detected Faraday rotation signal. However, it is
not very easy to predict what the result would be if the effects of linear birefringence
on both the pump and the probe are taken into account.
To separately study the effects of ultrafast heating and the IFE in these samples,
we did measurements with both left- and right-handed circularly polarized pump
pulses. Unlike the part of the Faraday rotation signal that is due to heating, the part
of the Faraday rotation signal that is due to the IFE should show a different sign
for opposite pump pulse polarization helicities. As discussed in Ch. 4, we can then
separate these parts by adding (heating) and subtracting (IFE) the curves measured
with two opposite helicities.
In Fig. 5.5 and Fig. 5.6 we show the results of the pump-probe measurements
in (Sm0.55Tb0.45)FeO3 and (Sm0.5Pr0.5)FeO3. The left-hand side of the figures
contains a graph with the Faraday rotation due to polarization-independent effects
and the right-hand side gives a graph with the Faraday rotation due polarization-
dependent effects. In all four graphs we find pronounced oscillations. As expected, the
polarization-independent curves only show oscillations in the vicinity of the SRT. This
is an effect of heating and the resulting rapid anisotropy change. In the polarization-
dependent curves we find oscillations at all temperatures in and below the SRT. This
is the full range where the IFE can effectively excite the quasi-ferromagnetic reso-
nance (qFMR) mode. Note that there are oscillations at more than one frequency
in (Sm0.55Tb0.45)FeO3 at low temperatures. This is remarkable, because the mea-
surement geometry is unfit to expect the excitation of the only other spin resonance
mode in this material: the quasi-antiferromagnetic resonance (qAFMR) mode. In the
following sections we further analyze the data to find answers to two questions:
1. What is the origin of the different oscillations in the Faraday rotation signals
from the spin dynamics measurements in (Sm0.55Tb0.45)FeO3?
2. How much do the amplitudes of the Faraday rotation signals from heat-induced
and IFE-induced spin dynamics in RE orthoferrites increase due to reduction
of the linear birefringence?
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Figure 5.5: Laser-induced spin dynamics in (Sm0.55Tb0.45)FeO3 at different temperatures
probed by means of the Faraday rotation. We distinguish between dynamics excited
by polarization-independent effects, such as heat-induced anisotropy change (left), and
dynamics excited by polarization-dependent effects, such as the inverse Faraday effect
(right). These effects are separated by, respectively, addition and subtraction of the curves
measured with opposite pump polarization helicities. A box marks the temperatures that
lie in the SRT interval. Curves measured at different temperatures are vertically displaced.
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Figure 5.6: Laser-induced spin dynamics in (Sm0.5Pr0.5)FeO3 at different temperatures
probed by means of the Faraday rotation. We distinguish between dynamics excited
by polarization-independent effects, such as heat-induced anisotropy change (left), and
dynamics excited by polarization-dependent effects, such as the inverse Faraday effect
(right). These effects are separated by, respectively, addition and subtraction of the curves
measured with opposite pump polarization helicities. A box marks the temperatures that
lie in the SRT interval. Curves measured at different temperatures are vertically displaced.
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5.4 Origin of the oscillations in (Sm0.55Tb0.45)FeO3
For further analysis, we will use one of the following functions to fit the part of the
magneto-optical signal β(t) that lies after the overlap of the pump and probe pulses:
β(t) = Ae−t/γ cos(2piνt− φ) +Be−t/τ + C, (5.1)
β(t) = A1e
−t/γ1 cos(2piν1t− φ1) +A2e−t/γ2 cos(2piν2t− φ2) +Be−t/τ + C. (5.2)
Depending on whether we find oscillations at one or two frequencies, respectively Eq.
5.1 or Eq. 5.2 is used. The fit parameters A, A1 and A2, v, v1 and v2, φ, φ1 and
φ2, γ, γ1 and γ2 represent respectively the amplitudes, frequencies, initial phases and
damping constants of the oscillations. B and τ are part of an exponential decay term,
which approximates the general shape of the curves after overlap, and C gives the
reorientation amplitude due to heating.
To identify the sources of the oscillations at the two frequencies in (Sm0.55Tb0.45)FeO3,
we have studied the temperature dependence of these frequencies. As a comparison
we first show in Fig. 5.7 the temperature dependence of the single frequency found
in (Sm0.5Pr0.5)FeO3. There is hardly any difference between the frequencies of spin
precession excited by heat-induced anisotropy change and the IFE. One can see that,
from an initial frequency of a few hundred GHz, the frequency drops to very low
values near both ends of the SRT. This is the typical behavior of the qFMR mode in
RE orthoferrites. The mode softens because the magnetic anisotropy in the ac plane
becomes very small.
Comparing the temperature dependence of the qFMR frequencies in (Sm0.5Pr0.5)FeO3
with the temperature dependence of the oscillations found in (Sm0.55Tb0.45)FeO3
(Fig. 5.7(b)), we see that it is very similar at temperatures above 80 K. From the
mode softening at the boundaries of the SRT, we conclude that the oscillations result
from the excitation of the qFMR mode. At lower temperatures we see oscillations
at two frequencies. These follow a different temperature dependence. One of the
frequencies decreases strongly with increasing temperature while the other stays rel-
atively constant. In Fig. 5.8 we plotted the initial phases of the oscillations in
(Sm0.55Tb0.45)FeO3 as a function of temperature. One can see that the initial phases
of all observed oscillations do not change much with temperature. As expected, the
spin precession excited by means of ultrafast heating starts with another phase than
spin precession excited by the IFE. Note that the initial phases of the two oscillations
excited by the IFE at low temperatures are opposite. The initial phases of one of
these two are the same as the initial phases of the oscillations excited due to the IFE
at higher temperatures.
The question is then what the origin is of the two oscillations at temperatures
below 50 K. To answer this, three observations have to be taken into consideration.
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Figure 5.7: Frequencies of spin precession excited by heat-induced anisotropy change
(squares) and the inverse Faraday effect (dots and triangles) in (Sm0.5Pr0.5)FeO3 (a)
and (Sm0.55Tb0.45)FeO3 (b) as a function of temperature. In the latter material at low
temperatures the excitation due to the IFE leads to oscillations at two frequencies: f1
and f2. They are distinguished by closed and open triangles. The lines are guides to the
eye.
First of all, oscillations excited by opposite helicities of the pump pulse polariza-
tion have completely opposite phase. Considering also that the frequencies of the
oscillations are in the range of spin resonance modes, we think that these are both
excitations of the spin system by means of the IFE. Second, both the curves showing
the temperature dependences of f1 and f2 in Fig. 5.7(b) could be a continuation of
the qFMR mode frequency curve towards lower temperatures. However, in Fig. 5.8
one can see that the oscillations with frequencies f1 have also the same initial phase
as the oscillations due to the excitation of the qFMR mode with the IFE, while the
initial phase of the oscillations with frequencies f2 is opposite. Therefore, we think
that only the oscillations with frequencies 1 are due to excitation of the qFMR mode
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Figure 5.8: Phases of the oscillations in the Faraday rotation signal at the overlap of the
pump and the probe pulse (t = 0) in (Sm0.55Tb0.45)FeO3 as a function of temperature. We
distinguish between oscillations due to spin precession excited by heat-induced anisotropy
change (squares) and the IFE (dots and triangles). At temperatures below 50 K, the latter
clearly gives rise to oscillations at two frequencies (f1 and f2). The initial phases of these
two oscillations are distinguished by closed and open triangles, respectively. The lines are
guides to the eye.
by means of the IFE. Finally, the frequencies f2 change hardly with temperature.
Since, the qAFMR modes in the RE orthoferrites do not soften at the usual Γ2 to Γ4
SRT, they are often characterized by a more gradual temperature dependence than
the qFMR modes. Excitation of the qAFMR mode by means of the IFE thus seems
to be the most likely candidate of being the source of the oscillations at the second
frequency.
This result is very peculiar. To our knowledge, at has not been observed before that
a single ultrashort laser pulse excites both spin resonance modes in an RE orthoferrite
at the same time. Since in our experiment the pump pulse deviates only a few degrees
from incidence along the c axis, the excitation of the qAFMR mode should be highly
inefficient [2]. Moreover, even if the qAFMR mode would be excited, it should be
impossible to detect it, because our probe pulse is incident along the c axis. Perhaps
small imperfections in the mounting of the sample caused some deviation in this case.
5.5 Increase of Faraday rotation signal
The Faraday rotation signal is very pronounced for the excited qFMR modes in both
(Sm0.55Tb0.45)FeO3 and (Sm0.5Pr0.5)FeO3. Remarkably, the large difference in the
Faraday rotation between these two samples that was present in the static hysteresis
loops in Fig. 5.3, is not visible in the pump-probe measurements (Fig. 5.6 and Fig.
5.5). For further analysis we will compare the amplitudes of the Faraday rotation
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signals from three sources: spin precession excited by the IFE, spin precession excited
by heating and ultrafast spin reorientation triggered by heating. The amplitude of the
latter would normally be quantified best by the fit parameter C. However, because
in this experiment the alignment of the probe polarization along a crystal axis is only
approximate, the relation between the magnetization direction and the Faraday rota-
tion is slightly non-linear (see Ch. 3). This leads to different Faraday rotation signals
for reorientations in opposite directions. To resolve this issue we use the average of
these two values as the Faraday rotation signal for the reorientation amplitude. We
obtain a different reorientation direction if the applied magnetic field is reversed.
In the case of spin precession excited by the IFE, linear birefringence influences
both the detection and the excitation. For spin dynamics resulting from heating by
the laser pulse only the detection is affected. Therefore, we discuss these excita-
tion mechanisms separately. First we will address the spin dynamics excited by a
heat-induced anisotropy change. In Fig. 5.9(a) and Fig. 5.9(b) we plotted the oscil-
lation amplitudes and the average reorientation amplitudes in (Sm0.5Pr0.5)FeO3 and
(Sm0.55Tb0.45)FeO3. For comparison we also included the data for ErFeO3, which
was presented in Ch. 4. Clearly in both graphs the Faraday rotation signals in
(Sm0.5Pr0.5)FeO3 are about six times larger than in (Sm0.55Tb0.45)FeO3. This is a
substantial increase of the Faraday rotation signal due to the low linear birefringence
in the material. However, it is not as large as in the static hysteresis measurements
(Fig. 5.3). Comparing the Faraday rotation signals in (Sm0.5Pr0.5)FeO3 with those
in ErFeO3, the result is not unequivocal. The oscillation amplitude signals are much
stronger in (Sm0.5Pr0.5)FeO3, but the reorientation amplitude signals are similar.
The fact that the proportionality between the two amplitudes is not the same in
(Sm0.5Pr0.5)FeO3 and (Sm0.55Tb0.45)FeO3 on the one hand and ErFeO3 on the other
hand, means that the response of the spin system to heating by the laser pulse was
different in the different materials. This may be due to the slightly different pump
pulse energies and excitation areas used in the experiments with ErFeO3. It makes
it impossible to draw a quantitative conclusion. However, it appears that the low-
birefringent (Sm0.5Pr0.5)FeO3 shows consistently higher Faraday rotation signals in
response to heat-induced spin dynamics than its normal RE orthoferrite counterparts.
The Faraday rotation signals of spin precession excited by the IFE show a different
picture. They are plotted in Fig. 5.9(c). Despite significant linear birefringence in the
ab plane, the oscillation amplitudes are largest in (Sm0.55Tb0.45)FeO3. On the other
hand, those in ErFeO3 are very small. For the spin dynamics excited by the IFE,
we do not see a relation between reduced linear birefringence and increased Faraday
rotation signal.
The fact that the large Faraday rotation signals from the static hysteresis mea-
surements in low-birefringence RE orthoferrites are not reproduced in spin dynamics
experiments is counterintuitive. However, it can be explained if the inhomogeneity
of the pump fluence across the sample thickness is taken into account. We measured
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78 5 Ultrafast Spin Dynamics in Tailored Rare-Earth Orthoferrites
about 10 % transmission of the pump light incident on the samples. The consequence
of the absorption with propagation through the sample is that the heat-induced ex-
citation of spin dynamics is strongest near the top of the sample. As discussed in
Ch. 3, in most orthoferrites the presence of moderate linear birefringence leads to
an effective Faraday rotation signal that has a maximum of a few degrees and al-
ternates between positive and negative values with a period of approximately 10 µm.
In a static situation, such as with the measurements of the static hysteresis loops,
the Faraday rotation in the second 5µm will completely undo the rotation gained in
the first 5 µm. In the pump-probe measurements however, this is not the case as the
excited spin dynamics is weaker in the second 5µm. Therefore in these experiments
every 10 µm has a net contribution to the measured Faraday rotation signal. On the
one hand, this reduces the severity of the problem with linear birefringence in the
detection of spin dynamics. The Faraday rotation signal corresponding to the spin
dynamics is weakened less. On the other hand the fact that spin dynamics is only
present in part of the sample results in a significant reduction of the Faraday rotation
signal in the low-birefringent orthoferrite samples.
In the case of excitation of spin precession by the IFE the situation is slightly
different. Now the helicity of the pump pulse polarization also changes periodically
between right- and left-handed. Therefore, within one period the Faraday effect tends
to rotate the probe polarization first in one direction (the first half) and then in the
opposite direction (the second half). The period of alternation between right- and left-
handed circular polarization of the pump is the same as the alternation period between
positive and negative polarization rotation of the probe due to the linear birefringence.
Consequently, the Faraday rotation is positive at those places in the sample where the
rotation from the crystal axis was already positive and negative where it was already
negative. In theory, the result is that as the probe propagates through the sample its
polarization rotation still alternates between positive and negative values, but that the
maximum possible rotation value increases with propagation distance. If this situation
really occurs in practice is unclear. However, it can explain the large Faraday rotation
signal in (Sm0.55Tb0.45)FeO3 compared to low-birefringent (Sm0.5Pr0.5)FeO3(see Fig.
5.9(c)).
5.6 Conclusion
We have investigated laser-induced ultrafast spin dynamics in the mixed rare-earth
orthoferrites (Sm0.55Tb0.45)FeO3 and (Sm0.5Pr0.5)FeO3. The first is engineered to
have a spin reorientation transition near room temperature, the second to have a
very low linear birefringence in the ab plane. In (Sm0.55Tb0.45)FeO3 we observed
strong spin precession and an ultrafast spin reorientation due to heating by the laser
pulse at temperatures in the SRT just below room temperature. Engineering an RE
orthoferrite with a slightly larger fraction of Sm3+ ions will probably increase the SRT
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temperature to the desired value. Based on the results presented here, we expect that
excitation of spin resonance and ultrafast reorientation at room temperature will be
possible in such a material. This brings room temperature operation within reach for
possible technological applications, such as high-resolution holographic displays, and
for future experiments.
Due to a very low linear birefringence in the ab plane, the Faraday rotation signal
from heat-induced spin dynamics in (Sm0.5Pr0.5)FeO3 was significantly larger than in
most other RE orthoferrites. However, the increase is not as large as expected from
the Faraday rotation in static measurements, as due to absorption the laser induced
spin dynamics becomes considerably weaker with increasing distance from the top
part of the sample. Nevertheless, the low-birefringence orthoferrites are the most
suitable materials in cases where a large Faraday rotation signal is important, such
as in technological applications in which the magnetic state of the medium needs to
be detected optically. These samples are also very promising candidates to allow for
good magneto-optical contrast in single-shot pump-probe imaging experiments with
RE orthoferrites (see Ch. 3).
In both materials we also found spin precession as a result of the excitation of
spin resonance modes by the inverse Faraday effect at all temperatures in and be-
low the SRT. Remarkably, below 50 K in (Sm0.55Tb0.45)FeO3 we found spin preces-
sion at two frequencies. One of the frequencies is almost certainly from the quasi-
ferromagnetic resonance mode in the material. We think that the other is from the
quasi-antiferromagnetic resonance mode.
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CHAPTER 6
Coherent Control of the Route of an Ultrafast Magnetic Phase
Transition via Low-Amplitude Spin Precession1
In this Chapter we use single-shot pump-probe imaging to show
that the direction of an ultrafast laser-induced spin reorientation in
(Nd0.8Pr0.2)FeO3 and (Sm0.5Pr0.5)FeO3 can be controlled by using cir-
cularly polarized laser pulses to excite the material. It turns out that
long-living, coherent spin precession, excited by the femtosecond laser
pulse through the inverse Faraday effect, breaks the symmetry between
two otherwise equivalent routes of this magnetic phase transition and
thus mediates the control. As we will show, a remarkable consequence
of this mechanism is that the spin reorientation direction does not only
depend on the initial phase of the precession (determined by the helicity),
but also on the initial temperature and the pump pulse fluence.
1Adapted from: J. A. de Jong, I. Razdolski, A. M. Kalashnikova, R. V. Pisarev, A. M. Balbashov,
A. Kirilyuk, Th. Rasing, and A. V. Kimel, “Coherent control of the route of an ultrafast magnetic
phase transition via low-amplitude spin precession,” submitted.
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6.1 Introduction
It has become clear from the experiments discussed in Refs. [1–4] and in the previous
Chapters that laser-induced heating over a phase transition boundary is both a fast
and effective way of reorienting the magnetization. However, the high temperature
phase in this case is characterized by two possible magnetization directions (’up’ and
’down’) and the phase transition will proceed towards one or the other with equal
probability. This indeterministic behavior is often undesirable and the degeneracy
can be lifted by applying a magnetic field during the phase transition. Although this
allows for an ultrafast spin reorientation in a well defined direction, the route of the
spin reorientation is not controlled on the same timescale. The timescale of control
over the route of the reorientation direction is limited by the speed with which the
applied field can be switched.
In this Chapter we demonstrate a scenario for ultrafast, all-optical control over the
route of a magnetic phase transition. Single-shot pump-probe imaging experiments
in (Nd0.8Pr0.2)FeO3 and (Sm0.5Pr0.5)FeO3 show that control over the direction of a
laser-induced spin reorientation is enabled by using circularly polarized laser pulses to
excite the material. In this case the helicity of the laser pulse polarization determines
the reorientation route and the final direction. Remarkably, the reorientation direction
can also be controlled by varying the initial temperature or the laser pulse fluence.
We will argue that the control is achieved through the excitation of small-amplitude
spin precession due to the inverse Faraday effect [5].
6.2 Samples
Both (Nd0.8Pr0.2)FeO3 and (Sm0.5Pr0.5)FeO3 are mixed rare-earth orthoferrites. As
discussed in Ch. 2, the exchange interaction between the Fe3+ ions causes them
to order antiferromagnetically with a small canting below the Ne´el temperature. For
rare-earth orthoferrites this temperature typically lies around 700 K [6]. The presence
of a strong Faraday effect in combination with the small net magnetization makes
these materials very suitable for the magneto-optical detection of spin dynamics. The
sensitivity of the Faraday rotation measurements is higher than in other materials
of this class because a careful mixing of Sm3+ or Nd3+ with Pr3+ ions results in an
unusually low birefringence for light propagating along the c axis of the crystals [7, 8].
The samples were cut perpendicular to the c axis from crystals grown by the
floating zone method. The thicknesses were 41µm and 93 µm for (Nd0.8Pr0.2)FeO3
and (Sm0.5Pr0.5)FeO3, respectively. In Ch. 5 we presented magnetization hystere-
sis measurements of these samples. We found spin reorientation transitions (SRT)
between ∼60 K and ∼110 K in (Nd0.8Pr0.2)FeO3 and between ∼98 K and ∼130 K in
(Sm0.5Pr0.5)FeO3. In both samples the SRTs are of the Γ2 → Γ24 → Γ4 type, which
means that between temperatures T1 and T2 the net magnetization gradually rotates
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in the ac plane from the a axis to the c axis. The points T1 and T2 each mark a
second-order phase transition. Because the samples are cut perpendicular to the c
axis, the magnetization turns out of plane upon heating through the SRT.
6.3 Pump-probe imaging experiment
For the experiment we used single-shot pump-probe imaging, a technique described in
Ch. 3. The 60 fs pump pulse had a central wavelength of 800 nm. On (Sm0.5Pr0.5)FeO3
it was focused to an area of 75 µm FWHM. We did not obtain an accurate number
for the spot size of the pump on (Nd0.8Pr0.2)FeO3. Our estimation is that it was
approximately 25 µm. The probe pulse was slightly longer than the pump pulse and
had a central wavelength of approximately 633 nm. The illuminated area included
the pump spot and its surroundings. The measurements with (Sm0.5Pr0.5)FeO3 were
done with a smaller probe spot than the measurements with (Nd0.8Pr0.2)FeO3. This
increases the signal at the expense of probe spot homogeneity.
To obtain sensitivity to the probe polarization, we used the cross-polarizer method.
This results in images in which dark-light contrast gives a measure of the magnetiza-
tion component along the c axis on a particular point on the sample. Because in most
of our measurements the magnetization will be in the plane of the sample before the
excitation, this component will be approximately zero initially. For our experiment,
it is important to be able to distinguish between magnetization rotations in both
out-of-plane directions. This is not possible if the polarizer and analyzer are perfectly
crossed and the initial state is completely dark. Therefore we rotated the analyzer
such that the largest laser-induced out-of-plane magnetization rotation we observed,
corresponds to black. The initial state is then grey and the largest magnetization
rotation in the opposite direction is white.
We also did a second, complementary set of experiments in (Sm0.5Pr0.5)FeO3. In-
stead of using a ccd-camera we imaged the excited part of the sample on a diaphragm
to select the center of it. The remaining part of the probe light was then detected
with a balanced detector. Due to averaging and lock-in amplification these mea-
surements have a much better signal-to-noise ratio than the single-shot pump-probe
imaging measurements. Also, because of the balanced detection, these experiments
allow us to distinguish changes in the rotation of the polarization of the probe light
from changes in its intensity. This is very useful, since it is known that the excita-
tion can simultaneously affect both spin direction and optical properties, such as the
transmittivity.
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Figure 6.1: (a) Single-shot images and (b) averaged measurement of polarization ro-
tation showing time dependence of the magnetization component along the c axis of
(Sm0.5Pr0.5)FeO3 after excitation with 10.3 µJ linear (pi) and circular (σ+, σ−) polarized
pump pulses at 92 K.
6.4 Polarization control of spin reorientation
The images in Fig. 6.1(a) from single pump-probe events in (Sm0.5Pr0.5)FeO3 show
how the spins reorient in the first few picoseconds after excitation by a 10.3µJ pump
pulse at 92 K. The scale of the images is such that minimum signal corresponds to
maximum rotation in one direction and maximum signal to maximum rotation in
the opposite direction. Therefore, at negative delay, the pictures are grey. One can
see that pump pulses with different polarizations excite a spin reorientation within
10 ps. Surprisingly, the reorientation direction is determined by the helicity of the
pump pulse polarization. In case of excitation by linearly polarized light, the excited
area splits into several magnetic domains, in which the spins reorient in either one
or the other direction. Clearly, a change in the transmittivity of the sample can also
influence the signal strongly. The dark spot at overlap hints at the presence of such
a process. To remove all ambiguity regarding the reorientation direction, we plotted
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in Fig. 6.1(b) the signals from the balanced detector for excitation with two opposite
helicities of pump pulse polarization. The graphs confirm that the polarization of the
pump pulse determines the reorientation direction.
In Fig. 6.1(b) one can also see that the reorientation of the spins in (Sm0.5Pr0.5)FeO3
happens on a timescale of 5-10 ps. This contrasts strongly with the timescale of the
excitation, which is two orders of magnitude shorter. The reorientation itself is due to
an anisotropy change induced by rapid heating [1]. The initial temperature is a few
Kelvin away from the start of the SRT. Therefore, before the spins start to reorient,
the pulse has already left the sample. It seems to be very counterintuitive that its
polarization can still influence the reorientation direction. The phenomena can hardly
be explained in terms of inertia-driven spin orientation between two co-existing states
as observed in HoFeO3 [9]. In the present experiment the state, where the system
will eventually arrive to, does not yet exist during the action of the laser pulse. An-
other possible mechanism of all-optical magnetization reversal, observed in metallic
GdFeCo alloys [10], is based on heating the free electrons in the metal well above the
Curie temperature. Also this cannot be effective in the dielectric orthoferrite samples,
which have no free electrons.
In the pump-probe imaging experiments with (Nd0.8Pr0.2)FeO3 it proved very dif-
ficult to observe the spin reorientation at the timescale of 10-100 ps. This is probably
due to the fact that the probe fluences used in those experiments were significantly
smaller. Surprisingly, we observed that the spin reorientation signal continues to
grow after the initial ultrafast reorientation. In Fig. 6.2 one can see how, within a
few ns, a signal appears in (Nd0.8Pr0.2)FeO3 and how in (Sm0.5Pr0.5)FeO3 the reorien-
tation, which was already visible, becomes more pronounced. Also, the multidomain
state that resulted from excitation of (Sm0.5Pr0.5)FeO3 with linearly polarized light
(see Fig. 6.1(a)) disappears at the nanosecond timescale and a single black domain
persists. Fig. 6.2 clearly shows that the polarization control of the spin reorienta-
tion direction is a general phenomenon in rare-earth orthoferrites and not specific to
(Sm0.5Pr0.5)FeO3.
One may think of two processes that take place on the nanosecond timescale and
with which we can explain the observed behavior. The first is heat diffusion. As
discussed in Ch. 5, the laser-induced heating in these samples is very inhomogeneous.
The top part of the sample is heated well above T2 such that a complete 90
◦ reori-
entation takes place, while the temperature in the bottom part may not even reach
T1. Therefore, the average reorientation across the sample thickness is significantly
less than 90◦ [1]. However, at the nanosecond timescale some heat will flow from the
top part to the bottom. This process may increase the average reorientation angle
across the sample thickness and thus increase the Faraday rotation signal. The sec-
ond process is domain wall motion. Due to linear birefringence the polarization of the
pump pulse, which was initially circular, will change with propagation through the
material (see Ch. 3). As discussed in Ch. 5, after ∼10 µm of propagation the helicity
86 6 Coherent Control of the Route of an Ultrafast Magnetic Phase Transition
Delay (ns)
Fa
ra
da
y 
ro
ta
tio
n 
(d
eg
) σ+
σ−
(b)
(c)
0 1 2 3 4
−6
−3
0
3
6
(a)
<0 ns 0.9 ns 1.8 ns 2.8 ns 3.7 ns
σ−
σ+
π
<0 ns 0.6 ns 1.3 ns 1.9 ns 2.6 ns
σ−
σ+
π
(Sm0.5Pr0.5)FeO3
(Nd0.8Pr0.2)FeO3
Figure 6.2: Laser-induced spin reorientation on the nanosecond timescale detected as
single-shot images in (a) (Nd0.8Pr0.2)FeO3 and (b) (Sm0.5Pr0.5)FeO3 and (c) as averaged
measurements of polarization rotation in (Sm0.5Pr0.5)FeO3. Both (Sm0.5Pr0.5)FeO3 and
(Nd0.8Pr0.2)FeO3 were initially at temperatures just below their spin reorientation transi-
tions (92 K and 60 K, respectively). At t = 0, the materials were excited with linear (pi)
or circular (σ+, σ−) polarized pump pulses (10.3 µJ and 5.1 µJ, respectively). Note that,
to avoid saturation, the contrast in (b) is chosen considerably lower than in Fig. 6.1(a).
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of the pump pulse will be reversed. Therefore, opposite domains may form across the
thickness of the sample. However, as with the multidomain state in Fig. 6.2(a), this
may not be stable on the nanosecond timescale and the less favorable domains are
annihilated. We think that after excitation of our samples both processes play a role
and contribute to the observed magnetization dynamics.
Previous experiments of laser-induced spin reorientation in orthoferrite platelets
have shown that the reorientation is less than 90◦ for at least part of the material in the
heated area [1] (see also Ch. 4 and Ch. 5). This is the case in the present experiments
as well. We found that the black and white domains formed in (Sm0.5Pr0.5)FeO3 after
3.7 ns are similarly strong as black and white domains that form at temperatures 4-
5 K above T1. The complete spin reorientation transition spans 32 K. From this we
estimate that the average reorientation angle across the sample thickness is 10-20◦.
The results discussed above unambiguously show that the direction of the laser-
induced spin reorientation can be controlled with the helicity of circularly polarized
pump pulses. However, one may wonder if we can achieve the same effect with ellipti-
cally polarized pump pulses. Any polarized laser pulse can be decomposed into a left-
and a right-handed circularly polarized part and the degree of circular polarization
is defined as the difference between the fractions of σ+ and σ− in the pulse. The
single-shot images (Fig. 6.3(a)) and the measurements with the balanced detector
(Fig. 6.3(b)) show that also pump pulses with a much smaller degree of circular
polarization can effectively control the reorientation direction in (Sm0.5Pr0.5)FeO3.
Note that at a degree of polarization of 0.2 a multidomain state persists even on the
nanosecond timescale. It is remarkable that this behavior is observed with this polar-
ization and not with linearly polarized light. It is possible that the material locally
has a preferred direction of reorientation because of impurities or magnetic dipolar
coupling. Fig. 6.3(c) shows that also in (Nd0.8Pr0.2)FeO3 the influence of the polar-
ization on the reorientation direction is strong. However, in this material the degree
of circular polarization needed for control depends on the pump pulse fluence. In Fig.
6.3(c) one can see that in the case of excitation by an elliptically polarized laser pulse
(degree of circular polarization 0.7) the reorientation direction is determined by the
helicity only at the edge of the excited area, where the pump fluence is lower than in
the middle.
Whether the small preference for the reorientation in one direction is due to the
local environment in the sample or not, can be easily investigated. We compared the
preferred reorientation directions at different places on the sample and found places
with opposite preferred reorientation directions. This is shown in Fig. 6.4. In this
figure a linearly polarized pump pulse focused on a domain wall in (Nd0.8Pr0.2)FeO3
is seen to reorient the spins on different sides of the wall in opposite directions.
By contrast, circularly polarized pump pulses lead to a reorientation in which the
direction on both sides of the wall is the same and determined by the helicity of the
polarization.
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Figure 6.3: (a) Dependence of the out-of-plane rotation of the magnetization on
the degree of circular polarization (varying from −1 to 1) of the exciting laser pulse
in (Sm0.5Pr0.5)FeO3, 3 ns after excitation. (b) Averaged Faraday rotation signals in
(Sm0.5Pr0.5)FeO3 as a function of time delay after excitation with pump pulses with vari-
ous degrees of circular polarization. The inset shows the saturation value as a function of
the degree of circular polarization (DCP). (c) Out-of-plane rotation of the magnetization
in (Nd0.8Pr0.2)FeO3 2.6 ns after excitation by laser pulses with circular (−1, 1) linear (0)
and elliptical (0.7) polarizations.
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Figure 6.4: Single-shot images of laser-induced spin reorientation near a domain wall
in (Nd0.8Pr0.2)FeO3. The pump pulses had an energy of 5.1 µJ. In the case that their
polarization was linear (pi) the reorientation direction was determined by the original,
in-plane domain of the material. In the case of circularly polarized (σ+, σ−) laser pulses,
the reorientation direction is determined by the helicity of the pulse polarization.
A well-known parameter that influences the reorientation direction is an applied
magnetic field. With the moderate pump pulse fluences used in previous experiments
in ErFeO3 (Ch. 4), (Sm0.5Pr0.5)FeO3 (Ch. 5) and (Sm0.55Tb0.45)FeO3 (Ch. 5), the
influence of the applied magnetic field was dominant over the polarization mecha-
nism studied here. Only in ErFeO3 some irregularities were observed that could be
attributed to the influence of the pump pulse polarization. In Fig. 6.5 we show the
result of reorientation induced by 5.1µJ linearly polarized pump pulses in the pres-
ence of an applied magnetic field in (Nd0.8Pr0.2)FeO3. The field made an angle of
13◦ with the c axis. One can see that at the edges of the excitation area, where the
pump fluence is smaller, the reorientation direction is determined by the direction of
the applied magnetic field. However, initially the middle of the spot is unaffected and
reorients in the direction determined by its initial domain. In a magnetic field of 3 kG
this leads to the creation of a white, ring-shaped domain around a black domain. In
a few ns the domain wall moves inwards such that the black domain is annihilated.
Fig. 6.5 confirms our previous claim that domain wall motion in the excited area
takes place on the nanosecond timescale and can thus play a role in the increase of
the Faraday signal shown in Fig. 6.2.
In this section we investigated ultrafast laser-induced spin reorientation in (Nd0.8Pr0.2)FeO3
and (Sm0.5Pr0.5)FeO3 with pump pulses of different polarizations. The temperature
of the samples was kept constant at a few K below T1 and the exciting laser pulses
all had the same energy. However the sample temperature and the laser pulse energy
strongly influence the laser-induced spin reorientation. At lower temperatures the on-
set of the spin reorientation is delayed and variation of the laser pulse fluence changes
the speed of the heat-induced anisotropy change (see Ch. 4). On top of that, both
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Figure 6.5: Single shot images of laser-induced spin reorientation in (Nd0.8Pr0.2)FeO3 in
the presence of a 3 kG applied magnetic field making an angle of 13◦ with the c axis.
The direction of the reorientation induced by the linearly polarized, 5.1 µJ laser pulses
depends on the direction of the applied magnetic field at the edge of the excitation area.
The center of the area is unaffected initially. However, in the case that this leads to two
domains in the excitation area, domain wall motion leads to the disappearance of the
domain in the center after a few ns.
strongly affect the reorientation amplitude (average angle of spin reorientation). To
investigate the polarization control of the laser-induced spin reorientation further, we
studied it at different temperatures and laser pulse fluences. The results are presented
in the next section.
6.5 Reorientation control at different temperatures
and laser pulse energies
Fig. 6.6 gives an overview of the dependence of the laser-induced spin reorientations
in (Sm0.5Pr0.5)FeO3 on the initial temperature of the sample. In the first and second
column we show magnetization dynamics in the form of averaged polarization rotation
measurements on the picosecond and nanosecond timescale, respectively. The third
column is reserved for single-shot images of the situation after 3.7 ns. All columns
show data for both left- and right handed circularly polarized pump pulses. The
picosecond time dependence shows a few familiar features that were also present in
ErFeO3 (see Ch. 4). First of all, one can see small amplitude oscillations that are
out-of-phase for the two curves (σ+ and σ−). These arise from excitation of the
spin system by an effective magnetic field pulse through the IFE. Second, in the
vicinity of the SRT there are larger amplitude oscillations caused by a sudden heat-
induced anisotropy change. Third, the reorientation seems to be delayed and slower
for excitations at lower temperatures. Finally, the amplitude of the spin reorientation
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Figure 6.6: Control of a laser-induced ultrafast spin reorientation in (Sm0.5Pr0.5)FeO3
at different temperatures. The first two columns show averaged polarization rotation
measurements as a function of time delay between the 9.8 µJ circularly polarized (σ+ and
σ−) pump pulse and the probe pulse. The graphs in the first and second columns are on
the picosecond and nanosecond timescales, respectively. The third column shows single-
shot images of the state after 3.7 ns after excitation. Clearly, the polarization control
of the reorientation direction is effective below T1 and down to very low temperatures.
At low temperatures a remarkable, ring-shaped domain of the opposite spin direction
surrounds the central part of the excitation area.
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is largest near T1 and it decreases steadily when the temperature is lowered. Note that,
due to the high pump pulse fluences used in these experiments, a single laser-pulse can
cause a spin reorientation by heat-induced anisotropy change even at temperatures
that are over 75 K below T1 = 98 K.
In the second and third column of the Figure one can see that below T1 the
direction of the laser-induced spin reorientation is unambiguously determined by the
helicity of the pump pulse polarization. On the other hand, at 100 K, which lies
between T1 and T2, this polarization control is not present. In these regions domains
in which the magnetization points out of plane have already formed and it is not
possible to switch them with the mechanism under study. Despite the absence of
reorientation control, the polarization rotation curves for the two opposite helicities
diverge a little on the nanosecond timescale. This might indicate that the pump
polarization has some influence on the domain structure.
One of the most surprising features in the magneto-optical images is the ring at
the edge of the excitation areas at low temperatures in (Sm0.5Pr0.5)FeO3. In this ring
the spins seem to have oriented in the opposite direction as in the center of the spot.
The origin of the ring does not become clear from these pictures. Since the laser
pulse fluence is lower at the edge of the spot, a possibility is that the direction of the
laser-induced spin reorientation depends not only on the helicity of the polarization
of the laser laser pulse, but also on its fluence.
Fig. 6.7 and Fig. 6.8 show the dependence of the laser-induced spin reorientations
on pump pulse energy for initial sample temperatures of 92 K and 25 K, respectively.
In Fig. 6.7 one can see that at 92 K the only effects of a lower pump pulse fluence
are a decreased amplitude of reorientation and effectively a smaller excitation area.
Fig. 6.8 shows that also at 25 K the area where spin reorientation takes place, shrinks
if the laser pulse energy is lowered. However, while the domain in the center of
the excited area becomes smaller, the characteristic ring-shaped domain at the edge,
where the spins reoriented in the opposite direction, retains its width. At 3.9µJ
the center domain has disappeared and we find only the opposite domain in the
excited area. The polarization dependence measurements with the balanced detector
(first two columns) are consistent with the single shot images at this point. Here
between 4.3µJ and 4.8µJ the signal from the probed area switches sign. In short,
at low temperatures and lower pump pulse energies the pump pulse polarization still
determines the direction of reorientation, but this direction is opposite to the one at
high temperatures.
Fig. 6.9 shows the dependence of the reorientation direction on temperature and
laser pulse energy in more detail for both helicities of the pump pulse polarization. The
magneto-optical images are placed in graphs with temperature at the horizontal axes
and pump pulse energy at the vertical axes. Surprisingly, at the lowest temperatures
and fluences in the graphs, the spins change reorientation direction again. This makes
the direction the same as at high temperatures and laser pulse energies. Note that
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Figure 6.7: Control of a laser-induced ultrafast spin reorientation in (Sm0.5Pr0.5)FeO3 at
different pump pulse energies. The initial temperature of the sample was 92 K. The first
two columns show averaged polarization rotation measurements as a function of time
delay between the 9.8 µJ circularly polarized (σ+ and σ−) pump pulse and the probe
pulse. The graphs in the first and second columns are on the picosecond and nanosecond
timescales, respectively. The third column shows single-shot images of the state after
3.7 ns after excitation. The results show that at 92 K lowering the energy of the pump
pulses affects mainly the amplitude of the ultrafast spin reorientation.
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Figure 6.8: Control of a laser-induced ultrafast spin reorientation in (Sm0.5Pr0.5)FeO3 at
different pump pulse energies. The initial temperature of the sample was 25 K. The first
two columns show averaged polarization rotation measurements as a function of time delay
between the 9.8 µJ circularly polarized (σ+ and σ−) pump pulse and the probe pulse. The
graphs in the first and second columns are on the picosecond and nanosecond timescales,
respectively. The third column shows single-shot images of the state after 3.7 ns after
excitation. At this temperature we observe a remarkable change in the direction of the
laser-induced spin reorientation around a pump pulse energy of 4 µJ.
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Figure 6.9: The out-of-plane rotation of the magnetization 3 ns after excitation with
circularly polarized laser pulses. On the axes temperature (horizontal) and pump pulse
energy (vertical). One can see that the response to polarizations σ− (a) and σ+ (b)
remains opposite at low temperatures. However, there are regions with different reorien-
tation directions, separated by the red and blue lines. Note that in each graph the regions
with opposite reorientation directions alternate in a line along the diagonal.
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diagonal lines going from the upper left to the lower right corner form the borders
between reorientation directions. This is a clear indication that, apart from the pump
pulse polarization, the reorientation direction is in fact influenced by a single extra
parameter. This parameter could be the time ∆t between the excitation and the
start of the reorientation. As was shown in Ch. 4, this time depends both on the
temperature and the laser pulse energy.
6.6 Discussion of mechanism
The periodic behavior of the reorientation direction with increasing time ∆t is re-
markable. It suggests that the mechanism behind the reorientation control also shows
periodic behavior. In Fig. 6.10 a mechanism is illustrated that relies on the excitation
of spin precession to carry information about the pulse polarization to the timescale of
the spin reorientation. In the equilibrium state, at temperatures below T1, the system
is at the minimum of the thermodynamic potential with the magnetization aligned in
the x direction. A femtosecond circularly polarized pump pulse acts on the spins as
an effective magnetic field via the inverse Faraday effect. [5]. This ultrashort effective
magnetic field pulse leads to an almost instantaneous excitation of antiferromagnetic
spin precession. The amplitude of this precession is typically less than 10◦ and the
initial phase depends on the helicity of the pump polarization. At the same time, due
to absorption of light in the medium, a lot of non-equilibrium phonons are generated.
In the following time domain two simultaneous processes are active in the material.
First, the magnetization oscillates around the x axis with a period of ∼10 ps. Second,
the non-equilibrium phonons interact with the RE ions, repopulating 4f electronic
sublevels of the ground state on a time scale given by the strength of the electron-
phonon interaction [11] (see also Ch. 4). Thus, the effective temperature of the RE
4f electron system increases and when it reaches T1 ≈ 98 K the initial equilibrium
orientation of the magnetization along the x axis becomes less favorable. Instead, two
distinct minima arise, corresponding to states with opposite signs of the out-of-plane
component of the magnetization Mz. As the heating of the RE ions progresses even
further, the reorientation proceeds in the direction towards the nearest minimum.
The coherent spin precession excited at t = 0 breaks the symmetry in a controlled
way: whether Mz is closer to the left or the right minimum, is fully determined by
the initial phase of the spin precession and the number of half periods that fit in the
time ∆t between the excitation and the start of the reorientation.
Both the initial phase of the spin precession and ∆t are controlled by experimen-
tally accessible parameters. To excite spin precession with the opposite initial phase,
it is sufficient to use a laser pulse with the opposite helicity. This will always lead to
a spin reorientation in the other direction. ∆t depends on the initial temperature and
the laser pulse fluence, which determine, respectively, the required amount of heating
and the speed of the heating. To illustrate how the reorientation direction can depend
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Figure 6.10: Illustration of the mechanism for controlling the path of a laser-induced
phase transition. It is based on two effects from the same laser pulse: heating and the
excitation of small amplitude spin precession. Due to heating the effective temperature
of the RE 4f electrons (Teff ) reaches the temperature of the first phase transition (T1)
after time ∆t. At that moment the shape of the potential energy as a function of the
out-of-plane component of the magnetization (Mz) starts to change dramatically: the
minimum of the potential, at Mz = 0, splits into two minima, which separate further with
increasing temperature. The spin precession is instantaneously excited at t = 0. As the
spins oscillate around their equilibrium, the symmetry is dynamically broken. Therefore
Mz will be slightly closer to the left or the right minimum at the moment of the phase
transition and will consequently proceed to grow in that direction.
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Figure 6.11: The phase diagram, calculated using a simple model of the mechanism,
shows the reorientation direction as a function of sample temperature and pump pulse
fluence after excitation with right-handed polarized light. The white and black colors
represent a transition to a state in which Mz is negative and positive, respectively. In the
grey region the laser-induced heating is insufficient to trigger the phase transition.
on these two parameters, we simulated this mechanism using simple models for the
speed of heating [11] (see also Ch. 4) and the temperature dependent anisotropy [12].
We then solved the equations of motion of the excited system using the Lagrangian
discussed elsewhere [13, 14] and calculated the magnetic state of the medium at 3 ns
after excitation, as a function of laser pulse fluence and initial sample temperature.
The results of the calculations are shown in Fig. 6.11. For high pump fluences or
initial temperatures close to T1, the reorientation proceeds in the direction that Mz
moves in directly after excitation. However, if the pump fluence is low and the heating
is slow enough, the spin system has time for more than a half-period of precession,
which effectively leads to the opposite reorientation direction. A similar situation oc-
curs when one changes the initial temperature at a fixed pump fluence, thus varying
the time needed for the system to reach the point at which the spin reorientation
begins. Therefore, it is the combination of helicity and fluence that fully determines
the final state of the excited system.
The mechanism described above can easily be generalized such that it includes
control over the routes of other types of phase transitions as well. An example that
is still quite similar is the Γ12 → Γ24 type of phase transition present in HoFeO3 [15].
The difference with the Γ2 → Γ24 type of transition discussed in this Chapter is that
the antiferromagnetic vector l makes a small angle with the c axis, toward the b axis,
at the moment of excitation. The consequence of this is that the initial phase of the
excited oscillation becomes slightly different. Directly after the excitation, a picture
equivalent to the upper one in Fig. 6.10 would show a dot slightly to the left or right of
the center of the parabola for positive and negative angles, respectively. Of course this
means that positive and negative angles lead to opposite reorientation for very small
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∆t. On the other hand, one can also think about phase transitions in ferroelectric or
multiferroic materials [16] for which the orientation of the electric polarization needs
to be controlled. In this case the symmetry may be broken by exciting coherent
phonons through the process of impulsive stimulated Raman scattering [17]
6.7 Conclusion
In this Chapter we demonstrated a new scenario for controlling the direction of an
ultrafast, laser-induced magnetic phase transition. Using a pump-probe imaging tech-
nique we found that the direction of a laser-induced ultrafast spin reorientation in
(Nd0.8Pr0.2)FeO3 and (Sm0.5Pr0.5)FeO3 could be determined by the helicity of the
circularly polarized, 60-fs laser pulse, which excited the material. In this case, the
reorientation direction also depended on the pump pulse energy and the temperature.
The influence of the circularly polarization on the reorientation direction turned out
to be stronger than local influences in the sample. To explain these results we propose
a simple model that takes into account both heating by the laser pulse and the inverse
Faraday effect. Due to the inverse Faraday effect the circularly polarized laser pulse
excites the quasi-ferromagnetic resonance mode in the material. The phase of the an-
tiferromagnetic precession depends on the helicity of the pulse polarization. Despite
its small amplitude, the antiferromagnetic spin precession breaks the symmetry be-
tween the two otherwise equivalent spin reorientation directions and the reorientation
will proceed in a well-defined direction. This scenario is very general and opens a new
route for the control of many laser-induced phase transitions.
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Summary
Almost thirty years ago technical advances in optical techniques made it possible to
study ultrafast dynamic phenomena in atomic, molecular and condensed matter sys-
tems at timescales of 1 ps or less. With the discovery of laser-induced sub-picosecond
demagnetization in 1996 by Beaurepaire et al. it became clear that also the magnetic
properties of materials could be studied and even manipulated at these timescales.
Following this breakthrough, other laser-induced ultrafast magnetic phenomena were
discovered, such as a rapid change of magnetic anisotropy and even ultrafast magneti-
zation reversal. Since this rapid manipulation of magnetization has potential for data
storage and 3D display applications, these developments also attracted considerable
attention of industry. However, established theories of magnetization dynamics are
based on a thermodynamic approach which is consequently not applicable for the
ultrafast regime.
The aim of the work described in this Thesis is to gain more understanding of
ultrafast magnetism by studying laser-induced magnetization dynamics in a few care-
fully chosen rare-earth orthoferrites. These materials, which are discussed in more
detail in Chapter 2, possess a number of properties that make them very suitable
for our purpose. First of all, the antiferromagnetic coupling between their magnetic
sublattices gives rise to a much faster spin precession than in ferromagnets. Second,
they display a large variety of magnetic phase transitions, which can in principle be
triggered by excitation with a femtosecond laser pulse. Finally, they are known to
have a strong opto-magnetic coupling that allows for optical excitation and detection
of ultrafast magnetization dynamics.
To achieve a time resolution of less than a picosecond, we use a pump-probe
technique with femtosecond laser pulses (see Chapter 3). A very recent development is
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single-shot femtosecond pump-probe imaging, in which, instead of using a photodiode
detector, the probe pulse is imaged on a ccd-camera. In this way we obtain a picture
with spatial information about the magnetization in a small part of the material. It
is quite challenging to apply this technique to measure magnetization dynamics in
rare-earth orthoferrites, because due to birefringence in these materials the contrast
between oppositely oriented magnetization directions in such a picture is usually quite
small. In Chapter 5 we show that the magnetization dynamics signal from special low-
birefringence orthoferrites, such as (Sm0.55Tb0.45)FeO3, is significantly higher than in
other orthoferrites. Therefore these materials appear to be the most suitable to use
for femtosecond pump-probe imaging.
Central to our study of laser-induced magnetization dynamics in rare-earth ortho-
ferrites are the spin reorientation transitions. These are phase transition regions in
which the spins reorient by 90◦ with increasing temperature. By exciting the material
with a femtosecond laser pulse it is possible to initiate such a spin reorientation within
a picosecond. We have found that, compared to other rare-earth orthoferrites, the
laser-induced spin reorientation in ErFeO3 is particularly slow. This is probably due
to the weak electron-phonon coupling between the lattice and the Er3+ 4f electrons.
By changing the laser pulse fluence we could control the speed of this reorientation
(see Chapter 4).
A laser-induced spin reorientation in rare-earth orthoferrites can take two equiva-
lent routes corresponding to a clockwise and a counterclockwise rotation of the spins.
Because the orthoferrites possess a small magnetic moment, these two routes end in
oppositely oriented magnetic states. In Chapter 6 we describe a new way to control
the direction of this laser-induced spin reorientation. By using circularly polarized
pump pulses, we excite, apart from the spin reorientation, small-amplitude spin os-
cillations. The initial phase of these oscillations is determined by the helicity of the
polarization of the pump pulse. Due to the presence of these spin oscillations the
symmetry is broken and the spin reorientation proceeds in a well-defined and prede-
termined direction.
To conclude, in this Thesis we demonstrated new ways in which the speed and
the direction of a laser-induced ultrafast spin reorientation in rare-earth orthoferrites
can be controlled. The method to control the direction is very general as it can work
for other types of ultrafast phase transitions as well. As such it may one day find
application in the control of ultrafast switching. The possibilities of gaining more
control over ultrafast magnetic processes are far from exhausted. For example, one
could try to initiate an ultrafast spin reorientation transition in a rare-earth ortho-
ferrite by exciting the rare-earth 4f -4f transitions directly (photo-induced). Also,
at temperatures within the spin reorientation region, it may be possible, by using
thinner orthoferrite samples, to use laser pulses to write stable magnetic domains.
Samenvatting
Bijna dertig jaar geleden maakte technische vooruitgang in optische technieken het
mogelijk om ultrasnelle dynamische verschijnselen in atomaire, moleculaire en vaste-
stof systemen op tijdschalen van minder dan 1 ps te bestuderen. Door de ontdek-
king van laser-ge¨ınduceerde sub-picoseconde demagnetisatie van nikkel in 1996 door
Beaurepaire et al. werd duidelijk dat ook de magnetische eigenschappen van een
materiaal op een dergelijk korte tijdschaal kunnen worden bestudeerd en zelfs gema-
nipuleerd. Na deze doorbraak werden andere ultrasnelle magnetische verschijnselen
ontdekt, waaronder een razend snelle verandering van de magnetische anisotropie en
zelfs ultrasnelle ompoling van de magnetisatie. Deze ontwikkelingen hebben ook de
aandacht van de industrie getrokken, omdat het razend snel veranderen van de mag-
netisatie veel potentie heeft voor toepassingen als data opslag en 3D video. Echter,
gevestigde theorie¨n over de dynamica van magnetisme zijn gebaseerd op een thermo-
dynamische benadering en daarom niet toepasbaar op deze ultrasnelle verschijnselen.
Het werk beschreven in dit Proefschrift heeft als doel om een beter begrip te krij-
gen van magnetisme op ultrakorte tijdschalen, door laser-ge¨ınduceerde magnetisatie
dynamica te bestuderen in enkele zorgvuldig uitgekozen zeldzame-aarde orthoferrie-
ten. Een drietal eigenschappen maakt deze materialen, die wat uitgebreider worden
behandeld in Hoofdstuk 2, zeer geschikt voor dit doel. Allereerst bestaat er tussen de
magnetische subroosters in deze materialen een sterke antiferromagnetische koppeling,
welke verantwoordelijk is voor een veel snellere spin precessie dan in ferromagneten.
Ten tweede hebben ze veel magnetische fase-overgangen, die in principe in gang kun-
nen worden gezet door excitatie met een femtoseconde laserpuls. Ten derde staan ze
bekend om hun sterke opto-magnetische koppeling, welke het mogelijk maakt om met
behulp van licht zowel ultrasnelle dynamica van de magnetisatie te exciteren, als te
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meten.
Om te meten met een tijdsresolutie van minder dan een picoseconde, gebruiken wij
een pomp-probe techniek met femtoseconde laserpulsen (zie Hoofdstuk 3). Een zeer
recente ontwikkeling is enkele-puls femtoseconde pomp-probe microscopie, waarbij, in
plaats van een fotodiode detector te gebruiken, de probe puls wordt afgebeeld op een
ccd-camera. Op deze manier verkrijgen wij een foto met ruimtelijke informatie over
de magnetisatie in een klein deel van het materiaal. Het is een grote uitdaging om
deze techniek toe te passen op het meten van de magnetisatie dynamica in zeldzame-
aarde orthoferrieten, omdat vanwege de dubbelbreking in deze materialen het contrast
tussen tegenovergestelde magnetisaties in de foto’s vaak erg klein is. In Hoofdstuk
5 laten we zien dat het signaal van de magnetisatie dynamica van speciale zwak-
dubbelbrekende orthoferrieten, zoals (Sm0.55Tb0.45)FeO3, aanzienlijk sterker is dan
van andere orthoferrieten. Daarom lijken deze speciale materialen het meest geschikt
voor gebruik in enkele-puls femtoseconde pomp-probe microscopie.
Voor onze studie naar laser-ge¨ınduceerde magnetisatie dynamica in zeldzame-
aarde orthoferrieten zijn de spin reorie¨ntatie overgangen van groot belang. Dit zijn
fase-overgangsgebieden waarin de spins 90◦ draaien door een toenemende tempera-
tuur. Het is mogelijk om een dergelijke spin reorie¨ntatie in gang te zetten door het
materiaal te exciteren met een femtoseconde laserpuls. We hebben gevonden dat de
laser-ge¨ınduceerde spin reorie¨ntatie in ErFeO3, vergeleken met andere zeldzame-aarde
orthoferrieten, bijzonder langzaam is. Dit wordt waarschijnlijk veroorzaakt door een
zwakke elektron-fonon koppeling tussen het kristalrooster en de Er3+ 4f elektronen.
Door de sterkte van de laserpuls aan te passen, konden we de snelheid van de spin
reorie¨ntatie be¨ınvloeden (zie Hoofdstuk 4).
Een laser-ge¨ınduceerde spin reorie¨ntatie in zeldzame-aarde orthoferrieten kan twee
kanten op gaan en die komen overeen met een rotatie van de spins met de klok mee of
tegen de klok in. Doordat orthoferrieten een klein magnetisch moment hebben, eindi-
gen deze twee routes in twee tegenovergestelde magnetische toestanden. In Hoofdstuk
6 beschrijven we een nieuwe manier om de laser-ge¨ınduceerde spin reorie¨ntatie te stu-
ren. Door circulair gepolariseerde laserpulsen te gebruiken, exciteren we behalve de
spin reorie¨ntatie ook zwakke spin oscillaties. De beginfase van deze oscillaties wordt
bepaald door de heliciteit van de polarisatie van de laserpuls. Door de aanwezigheid
van deze spin oscillaties wordt de symmetrie gebroken en vindt de spin reorientatie
plaats in een welbepaalde en van de tevoren gekozen richting.
Tot slot, in dit Proefschrift hebben we nieuwe manieren laten zien om de snel-
heid en de richting van laser-ge¨ınduceerde ultrasnelle spin reorie¨ntaties in zeldzame-
aarde orthoferrieten te controleren. De gevonden methode voor het sturen van de
reorie¨ntatierichting is zeer algemeen, omdat het ook kan werken voor andere typen
ultrasnelle fase-overgangen. In die zin zou het op een dag een toepassing kunnen
vinden in het controleren van ultrasnelle schakelingen. De mogelijkheden om meer
controle te krijgen over ultrasnelle magnetische processen zijn verre van uitgeput. Zo
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zou men bijvoorbeeld kunnen proberen om een ultrasnelle spin reorie¨ntatie in gang
te zetten door de 4f -4f overgangen in de zeldzame-aarde ionen direct te exciteren
(foto-ge¨ınduceerd). Ook is het misschien mogelijk om, bij temperaturen in het spin
reorie¨ntatie gebied, met laser pulsen stabiele magnetische domeinen te schrijven door
gebruik te maken van dunnere orthoferriet samples.
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In this Thesis we investigate how an ultrashort 
laser pulse aﬀects the magnetic order in rare-
earth orthoferrites. The results include new 
ways to control the speed and the direction of 
a laser-induced ultrafast 90° rotation of the 
magnetic moment in these materials.
